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ABSTRACT
Net daily, summer fluxes of CBOD,., NH^, and TKN in two 
Virginia tidal marshes were determined. The fluxes were evaluated 
as the product of volumetric fluxes and parameter concentrations 
and the errors associated with the evaluations were computed.
During the measurement intervals, ammonia was consistently imported 
to the marshes while CBOD,. and TKN showed variable exchanges.
Volumetric fluxes were computed from a stage volume relation­
ship. Marsh volume as a function of tidal stage was developed by 
three different methods: the use of current meter data, a hypso­
metric relationship, and bottom profile measurements. The stage- 
volume relationship derived from current meter data was chosen to 
determine the net fluxes.
The potential contribution of all the marshes in the James 
and York Rivers was estimated and compared to the point source 
inputs to these estuaries. It was shown that marshes may have a 
significant effect on water quality in estuaries with small water 
volume, small point sources, and large marsh area.
MEASUREMENT AND ANALYSIS OF TIDAL MARSH FLUXES 
OF OXYGEN DEMANDING MATERIALS
CHAPTER I
INTRODUCTION
Estuaries are regions in which many biological, chemical, 
geological, and physical processes occur. They are areas of extensive 
industrial and recreational use. Consequently, estuaries are valuable 
resources which must be managed wisely.
Water quality models are useful as management tools in that 
they can be used to predict levels of dissolved oxygen, biochemical 
oxygen demand, and nutrients which would result from alternate manage­
ment plans. To be of optimum use, models must accurately account for 
point source and non-point source pollutant and nutrient contributions 
to the estuary.
Marshes may be considered as non-point sources or sinks of 
oxygen demanding materials, including carbonaceous biochemical oxygen 
demand (CBOD), ammonia (NH^), and Total Kjeldahl Nitrogen (TKN). The 
role of marshes needs to be studied so that estuarine water quality 
models can more accurately assess the impact of all loads to estuaries.
Quantification of fluxes must be made with care because of the 
reversing flows experienced in these marshes. Most tidal marsh flux 
studies have not included any error analysis or reported confidence 
limits with their results. The errors inherent in any study should 
be estimated and are an especially important part of the quantification 
of net flux.
2
In view of the paucity of data on exchanges of biochemical 
oxygen demand between tidal marshes and estuaries and the need for 
an adequate method of measuring these exchanges, including errors, 
this study was undertaken with the following objectives.
1) To develop and compare three different methods of
computing volumetric flux as a function of tidal 
height in tidal marsh systems:
a) Direct Measurement with Current Meters
b) Hypsometric Relationship
c) Measurement of Bottom Profiles
2) To determine the errors associated with the three methods 
of determining volumetric flux.
3) To determine the net flux of carbonaceous biochemical
oxygen demand, ammonia and total Kjeldahl nitrogen 
flowing between the marsh and estuary, utilizing the 
best of the volumetric flux methods.
4) To determine the errors associated with the net flux
calculations.
5) To examine the significance of the measured net fluxes 
relative to known point sources.
CHAPTER II
LITERATURE REVIEW
Several studies have been done on the exchange of oxygen 
demanding materials between tidal marshes and estuaries. In most 
of these studies, little or no analysis of errors in determining 
net fluxes was made. Error analysis is a necessary part of any 
study which involves reversing flows, since the errors expected must 
be less than the net fluxes for the results of the study to have 
any significance.
A detailed analysis of errors was made by Boon (1974) in a 
study of the net flux of suspended sediment in an Eastern Shore,
Virginia, salt marsh. Boon took detailed measurements of the spatial 
distribution of velocity and sediment concentration in the marsh 
channel, then calculated the errors that resulted from reductions 
in the number of measurements. When he measured velocity at one 
point in the channel, as is common in flux studies, an error of 12.4% 
of the spatial mean of the velocity resulted. Boon's relative error 
in sediment concentration when only one sample was taken in a cross- 
section was 16%.
Settlemyre and Gardner (1975) measured the net flux of carbonaceous 
biochemical oxygen demand in the form of seven-day CBOD over 25 
different tidal cycles in a South Carolina tidal marsh creek. The 
average summer CBOD flux was directed into the marsh from the estuary. 
Settlemyre and Gardner's error analysis consisted of a paired "t"
4
5test used to determine whether there was a significant difference be­
tween the mean deviation of flood and ebb discharge-weighted concen­
trations and zero. No significant difference was detected.
Cerco and Kuo (1979) studied the impact of pollutant loading 
on an Eastern Shore, Virginia, tidal marsh system. During the study 
interval the flux of CBOD^ was found not to be significant by a com­
parison with a salt balance. The marsh did consume significant 
quantities of ammonia, which was partially recycled as organic nitrogen.
The runoff from a freshwater non-tidal marsh was analyzed in a 
study of non-point source pollution and stormwater runoff in South­
eastern Virginia (Malcolm Pirnie Engineers, Inc., 1977). In this 
study, they reported that 2.6 and 11.4 pounds of biochemical oxygen 
demand were exported from the marsh to the estuary during two storms.
A number of additional studies of nitrogen and carbon fluxes 
from marshes have been conducted. The results of these studies are 
relevant to the present investigation since the oxidation of ammonia 
and organic carbon results in nitrogenous and carbonaceous biochemical 
oxygen demand.
The exchange of different forms of carbon between the Flax Pond 
marsh system and Long Island Sound was studied by Woodwell, et al. 
(1977). Their measurements of particulate and dissolved organic carbon 
showed a small import to the marsh from the estuary. They calculated 
water volume transports from a polynomial regression of volume with 
tidal height. Their calculation of standard errors was comprehensive 
and showed that the net flux of carbon was not distinguishable from 
zero.
6Nutrient exchange between Gott’s marsh, a low salinity irregu­
larly flooded marsh, and the Patuxent estuary was studied by Heinle 
and Flemer (1976). They measured water flux with current meters and 
channel cross-sectional area measurements. Their average summer net 
flux of carbon proved to be an export from the marsh. Heinle and 
Flemer measured a net annual flux of nitrogen from the marsh to the 
estuary. One exception was inorganic nitrogen, particularly nitrate 
and ammonia, which was imported to the marsh in May, June and July.
They did not report any confidence limits on their net fluxes.
Axelrad et al. (1976) studied the annual import and export of 
nitrogen from two Virginia tidal marshes over one year. They reported 
that ammonia was exported from one of the marshes and dissolved organic 
nitrogen was exported from both marshes. There was a net export of 
total nitrogen from the marshes to the estuary. They also reported a 
net export of carbon. Water transport was measured with a single 
current meter in the center of the channel. They did not conduct any 
error analyses.
A contribution of 16,501 kg/yr of particulate carbon from Great 
Sippewissett Marsh to Buzzards Bay was measured by Valiela et al. (1978). 
They reported a net import of ammonia in the mid-summer with a large 
export from the marsh in the late summer. Their integration of nutrient 
exports and imports over the year resulted in a net export from the 
marsh for all nutrients studied, except nitrite, which showed no sig­
nificant export or import. They determined water fluxes from measure­
ments of velocity at one point in the channel, which were converted to 
total flow in the channel by a relationship derived from more detailed 
current data.
Woodwell et al. (1979) reported a net summer flux of ammonia to 
Long Island Sound from Flax Pond. They used a polynomial regression of 
volume versus tidal height to determine volumetric flux. Standard 
errors were calculated for the net flux measurements, which were based 
on eight samples per tidal cycle.
In a paper by Jensen and Tyrawski (1979), wetlands flux litera­
ture was reviewed and average fluxes from four marshes were calculated. 
They reported that the average direction of the fluxes of nitrogen, 
including ammonia, was an export from the marsh. Jensen and Tyrawski 
approximated the average summer flux of ultimate biochemical oxygen 
demand to be an export of 3100 gm/ha/day from the marsh to the estuary. 
They used the averaged and approximated parameters in a model to 
estimate the effects of removal of wetlands on water quality.
Results of the studies done by Settlemyre and Gardner (1975) ,
Hall et al. (1975), Cerco and Kuo (1979), Heinle and Flemer (1976), 
Axelrad et al. (1976), Valiela et al. (1978), and Woodwell et al. (1979), 
are summarized in Table 1. In two of these studies, Settlemyre and 
Gardner (1975) and Cerco and Kuo (1979), the estimated net flux of BOD 
was not significantly different from zero. Axelrad et al. (1976), 
Valiela et al. (1978), and Heinle and Flemer (1976) reported net ex­
ports of carbon. A net import of carbon was reported by Hall et al. 
(1975), but was not significant.
An import of ammonia was reported by Cerco and Kuo (1979), and 
net exports of ammonia were reported by Heinle and Flemer (1976),
8Axelrad et al. (1976), Valiela et al. (1978), and Woodwell et al. 
(1979). Total Kjeldahl nitrogen exports were reported by Cerco and 
Kuo (1979), Heinle and Flemer (1976), Axelrad et al. (1976), and 
Valiela et al. (1979).
9TABLE 1
SUMMARY OF STUDIES OF NET FLUXES FROM MARSHES
Study Error Analysis BOD Carbon NH3 TKN
Settlemyre and Gardner 
(1975)
(a) +
(ns)
X X X
Hall et al. (1975) standard
errors
X +
(ns)
X X
Cerco and Kuo (1979) (b) (ns) X
Heinle and Flemer 
(1976)
none X
Axelrad et al. (1976) none X
Valiela et al. (1978) none X -
Woodwell et al. (1979) standard
errors
X X X
+ = import into marsh
- = export out of marsh
X = no data available 
ns = not significant
(a) ’t1 test of composite concentrations
(b) comparison of results with a salt balance
CHAPTER III
STUDY AREA
The areas selected for study were two undisturbed Virginia 
tidal marshes, Glebe Gut on the James River, and Kings Creek on 
the York River, shown in Figures 1 to 3. These two marshes were 
chosen because all exchanges between the marsh and estuary were 
through a single well-defined channel, allowing the use of a stage- 
volume relationship.
Kings Creek is a mesohaline tidal marsh of about 73 hectares 
with mixed vegetation dominated by Spartina alterniflora and Spartina 
cynosuroides. The drainage area is 1610 hectares. Kings Creek marsh 
is shown in Figure 4.
Glebe Gut is a freshwater tidal marsh with an area of approxi­
mately 20 hectares. Its drainage area is 130 hectares. The dominant 
vegetation is Peltandra virginica in the early summer and Spartina 
cynosuroides in the late summer. Glebe Gut marsh is shown in Figure
5.
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FIGURE 5. Glebe Gut marsh.
CHAPTER IV
FIELD PROGRAM
A field study was designed to measure the fluxes of five-day 
carbonaceous biochemical oxygen demand (CBOD^), ammonia (NH^), and 
total Kjeldahl nitrogen (TKN) at Kings Creek and Glebe Gut.
The field program, extending from June 1978 to September 
1978, was designed to collect the necessary water quality and quantity 
data for computing fluxes at Kings Creek and Glebe Gut. Sampling was 
conducted for 25-hour periods on June 14-15, July 23-24, and August 3-4 
at Glebe Gut. Kings Creek 25-hour surveys were conducted on July 11-12, 
July 23-24, and August 3-4. An additional 12-hour survey was made at 
Kings Creek on September 14-15.
The 25-hour sampling periods were used to eliminate the effect 
of the diurnal inequality of the tides. Where there is a high water 
diurnal inequality, the heights of two successive high tides are 
unequal. It is desirable to sample equal volumes of water flowing 
into and out of the marsh, which is done by beginning and ending the 
sampling period at the same tidal height. Otherwise, there would be 
a net flux of a substance due to the water volume inequality alone.
This net flux caused by the inequality in ebb and flood volumes could 
overshadow the effect of fluxes resulting from biogeochemical processes. 
It is noted that if two tidal cycles are considered, the difference 
between tidal heights at the beginning and end of the interval is small.
16
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Sampling over a period of 25 hours also reduces the effect of the 
diurnal periodicity of biological and chemical processes occurring 
in the marsh system. Therefore, sample periods of twenty-five hours 
(approximately two tidal cycles) were chosen.
A sampling program must be designed to combine feasibility, 
accuracy and economy. Since the true fluxes cannot be measured, the 
uncertainty that results from the choice of sampling design must be 
estimated in addition to the fluxes. Measurement errors were investi­
gated in some auxiliary surveys designed to measure the temporal and 
spatial distribution of CBOD^, salinity, and dissolved oxygen. The 
surveys were conducted on 7/18/78, 7/19/78, 8/1/78, and 9/17/78.
A. Hydrographic Data Collection
At Kings Creek, a cross-section under a highway bridge near the 
mouth of the creek was chosen as a sampling site. The variation of 
depth with width across the stream, the bottom profile, was measured 
with a Raytheon DE 719 recording fathometer. Three runs were made and 
an average bottom profile was drawn. Bottom profiles were also taken
I
at ten transects along the axis of the creek for use in the geometric 
method of determining water volume in the marsh (eq. V.23).
Current measurements were taken at Kings Creek for use in 
eq. (V.12) and for model verification. Three ENDECO Model 105 ducted 
impeller recording current meters were positioned equidistant from 
each other across the channel and at mid-depth, taking average current 
speed and direction readings at half-hour intervals from May 23 to May
18
26, 1978. The Kings Creek bottom profile and the location of current 
meters are shown in Figure 6.
At Glebe Gut water is exchanged between the marsh and the James 
River through a concrete culvert under a highway. The dimensions of 
this culvert were recorded, and current measurements were taken for 
determination of V(h) by equation (V.9). Instantaneous current measure­
ments were made with a hand held ducted impeller current meter (Byrne 
and Boon, 1973) at two positions across the culvert at mid-depth. 
One-minute velocity measurements were made every 20 minutes during 
four 7-hour periods.
Tidal heights were measured at 6-minute intervals throughout 
the study period at each site with a Fischer Porter recording tide 
gauge Model 1550. The gauges were located immediately upstream of the 
sampling locations.
Aerial black-and-white infrared and color photographs of both 
the marshes were taken at different stages of the tide so that water 
surface areas and corresponding tidal heights could be used to develop 
a hypsometric relationship for each basin. Using a hypsometric formula 
(Strahler, 1952, Boon, 1973, 1975), surface areas could later be deter­
mined as a function of tidal stage.
As an additional aid in formulating the hypsometric relationship 
of Kings Creek, the elevation of the marsh surface was measured at 
several locations along transects from the creek banks to the treeline 
at the edge of the marsh. These measurements were made with a surveyor's 
level and referenced to the tide gauge datum.
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B. Water Quality Sampling Procedures
1) Kings Creek Sampling Procedures
Water samples were taken from a highway bridge crossing the 
marsh. A 2-liter VanDorn bottle, tripped in a vertical position, 
was used to collect the water for analysis.
Every hour during the 25 hour sampling periods, samples were 
collected from the center of the stream and one third of the width 
from each bank. The VanDorn bottle is approximately one meter long, 
giving a good vertical average for the side samples, where the water 
was shallow. At the center of the channel when the depth was sufficient, 
surface and bottom samples were taken. After each Van Dorn bottle 
cast, one liter of the sample was poured into a large container and 
composited with the balance of the samples taken at that time interval.
This composited sample was transferred to several smaller bottles 
for salinity, CBOD,_, CBOD^q , chlorophyll "a", and nitrogen determinations.
2) Glebe Gut Sampling Procedures
Water samples were taken in the center of the channel at the 
downstream end of the culvert, depending on the direction of the tidal 
flow. This insured that the water being sampled was mixed by passage 
through the turbulent flow in the culvert.
A 2-liter VanDorn bottle was used to take hourly water samples. 
Water from the VanDorn bottle was transferred directly to individual 
bottles for DO, CBOD^, CBOD^q , chlorophyll "a", and nitrogen analyses. 
Samples from both sites were kept near zero degrees centigrade until 
they were brought to the laboratory.
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C. Laboratory Procedures
Water samples were brought to the laboratory as soon as each 
sampling period was completed. In the event the nutrient samples 
could not be analyzed immediately, they were frozen for later analysis.
Prior to sampling, a nitrogen inhibitor was added to the BOD 
sample bottles to suppress the nitrogenous biochemical oxygen demand. 
These CBOD,. samples were put into an incubator set at 20 degrees 
centigrade and allowed to come to equilibrium, after which the 
dissolved oxygen level was measured by a Yellow Springs Instrument 
Company Model 54A probe. This initial dissolved oxygen reading was 
compared to the dissolved oxygen remaining in the sample after 5 
days, giving the amount of oxygen consumed by the sample in 5 days 
(CBOD^). During the 5-day period, the dissolved oxygen level was 
monitored and the sample was reaerated if the level fell below 4 mg/1.
CBOD^q samples were taken during two of the four half-tidal 
cycles of each 25-hour survey. These hourly CBOD^q samples were 
composited by equal portions in the lab resulting in two samples
for each 25-hour survey. The ultimate CBOD was determined in the
1
same manner as CBOD,. except samples were kept in the incubator for 
30 days. The dissolved oxygen level was measured with the Probe on 
days 1, 3, 5, 10, 15, 20, 25 and 30 after the initial reading and 
samples were reaerated when necessary.
Hourly samples for chlorophyll "a" determination were 
composited into samples representing each ebb and flood. The 
chlorophyll "a" level was determined with a Turner Design Fluorometer.
22
Salinity was determined from measurements of sample conductivity 
with a Beckman RS-7B induction salinometer.
The modified Winkler titration method (Strickland and Parsons, 
1968) was used to quantify the dissolved oxygen concentration.
Measurements of ammonia-nitrogen were made using the Automated 
Colorimetric Phenate Method (U.S. Environmental Protection Agency,
1976) with a Technicon AutoAnalyzer II. In this method, a colorimeter 
is used to detect the presence of indophenol blue formed from the 
reaction of alkaline phenol and hypochlorite with ammonia. The 
indophenol blue measurement is proportional to the ammonia concen­
tration of the sample.
Nitrate-nitrite nitrogen was measured by the Automated Cadmium 
Reduction Method (U.S. Environmental Protection Agency, 1976) with a 
Technicon AutoAnalyzer II.
Total Kjeldahl nitrogen, defined as the sum of free-ammonia 
and organic nitrogen compounds which are converted to ammonia sulfide 
with a sulfuric acid solution, was determined with a Labconco Macro 
TKN apparatus (U.S. Environmental Protection Agency, 1976).
CHAPTER V 
DETERMINATION OF VOLUMETRIC FLUX
A. Theory
Tidal marshes are inundated with water from adjacent estuaries 
under the influence of the tides. Tides in the areas of concern in 
this study are classified as semi-diurnal, two high tides and two 
low tides per day. In each of the enclosed tidal marshes investi­
gated in this study, water enters the marsh system from the estuary 
by way of a single, well-defined central channel. This channel 
extends along the length of the marsh system. Smaller distributaries 
branch from this channel and extend into the marsh.
On a flooding tide, water from the estuary flows into the 
marsh system by way of the main channel and thence into the lesser 
channels. These lower order channels direct the initial flow of 
water onto the marsh surface because of their relation to the 
surface elevation of the marsh. As the larger, higher order channels 
fill to their banks, water floods out of these channels as well onto 
the marsh surface.
The level at which the water floods over the stream banks 
will be called the "bankfull stage" similar to the bankfull stage 
used in describing terrestrial streams (Strahler, 1952). As the 
channels fill and overflow, the marsh is flooded, occasionally to 
the region where upland vegetation begins. This stage is called
23
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"marsh full". After high tide is achieved, flow in the marsh reverses 
and the marsh drains in the same manner that it flooded.
Various biological and chemical processes occur during the 
period of inundation at the surface, bottom, and within the water 
column. These processes alter the levels of dissolved oxygen, 
biochemical oxygen demand, and nutrients in the water. A portion 
of these substances may be converted by, retained by, or exported
I
from the marsh. Marshes may act as sinks or sources of nutrients, 
dissolved oxygen and biochemical oxygen demand.
The water quality in an estuary to which a tidal marsh is 
connected may be influenced by this export or import of DO, BOD, 
and nutrients. The degree of influence depends on the number of 
marshes along the estuary, the amounts of export or import, season, 
and the size of the estuary. In order to quantify the marsh imports 
or exports, it is necessary to measure the concentrations of the 
water quality parameters of interest and the volume of water exchanged 
between the marsh and the estuary.
The flux of material through the mouth of the marsh can be 
expressed as:
u • c • dydz dt (V.l)
where F = the mass of a substance flowing through the 
mouth during the time interval 0 to t (M)
u = velocity (L/T)
3
c = concentration (M/L ) 
y = the horizontal dimension (L) 
z = the vertical dimension (L).
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It is impossible to measure the concentration and velocity 
continuously in time and space. Therefore an approximation has to 
be made. If the concentrations and velocities are measured at dis­
crete times and locations, the integral in equation (V.l) can be 
approximated as a summation:
n
F = I u. c. A. At (V.2)
i l li=l
where At = length of the sampling interval (T)
i = the sampling interval index
n = the total number of sampling intervals
A. = the cross-sectional area = -TJdydz at the center
of interval i (L^)
c. = the cross-sectional averaged concentration 
at interval i (M/L^)
u. = the cross-sectional velocity at interval
1 i (L/T).
The product u_.A^  may be expressed as a single variable, Q^, 
the volumetric flux. One way to evaluate the volumetric flux is 
through a stage-volume relationship. This is a relationship between 
the tidal height and volume of water in a marsh system.
By expressing the volume as a function of tidal height,
V = f(h) (V.3)
3
where V = volume (L )
h = tidal height (L)
and differentiating, the discharge into or out of the marsh at any 
time can be obtained. Assuming negligible freshwater inflow and
26
only one outlet to the adjacent estuary:
dv _ dv dh . .
Q-dF~dhdF (v'4)
3
where Q = discharge (L /T) 
t = time (T) 
h = tidal height (L).
Discharge obtained with equation (V.4) can be substituted 
for in equation (V.2), resulting in a flux estimate based on
a stage-volume relationship.
The function V = f(h) may be evaluated by three different 
methods:
1) Direct Measurement of Current, Cross-sectional Area 
and Tidal Height
Volume as a function of tidal height may be found by measuring 
instantaneous velocity u = f(t) and cross-sectional area A=f(t) at 
the mouth of the marsh over a half tidal cycle and integrating the 
product, Q = uA with respect to time. This can be expressed as:
V(h) = ft2 Q dti (V. 5)
tl
3
where V = net volumetric flux in the interval t~ - t- (L )
Q = discharge (L /T) 
t = time (T).
Knowledge of the tide level, h, at times t^ and t  ^ allows 
formulation of a stage-volume relationship, V = f(h).
2) Measurement of Surface Area as a Function of Tidal 
Height (Hypsometric Relationship)
By this method, the surface area of water in the marsh is 
integrated with respect to tidal height to obtain a volume expression
V (h) =
■h
A (h) dh (V.6)
s
hl
3
where V(h) = volume as a function of tidal height (L )
A (h) = water surface area as a function of tidal
S height (L^)
h = tidal height (L)
3) Measurement of Channel Dimensions
Volume as a function of tidal height may be derived directly 
from channel measurements and evaluation of the triple integral:
V (h) =
r
dx dy dz (V.7)
x y z
3
where V(h) = volume as a function of tidal height (L ) 
x,y,z = length, width, and depth of channel (L).
B. Methods
1) Stage-Volume Relationship Derived 
from Current Measurements
The volume of water in a marsh system as a function of tidal 
height can be derived with the integral equation (V.5). If measure­
ments of discharge are known at discrete times, the integral can be
28
approximated by the summation:
n
V(h) = E Q .At. (V.8)
i=l 1 1
3
where Q_^  = the ith discharge measurement (L /T)
At. = t. - t. _ = the ith time interval during which
1 1 1  Q_^  was computed (T)
i = the discharge measurement index
n = the total number of discharge measurements.
It is assumed that Q_^  is the average velocity times average
cross-sectional area during the time interval At^.
Equation (V.8) can be written as:
n
V(h) = Z V. (V.9)
i=l 1
where V. = Q.At. = the volume of water flowing by the
cross-section in the time interval 
At. .l
Beginning at low tide, the volume of water flowing into the 
marsh during the time interval At_^  = computed with the
equation:
V. = u.A.At. (V.10)1 1 1 1
where u_^  and A^ are as previously defined.
Next, the cumulative value of V_^  is plotted as a function of 
h r the tidal height at the end of the time interval. Once these 
plots are completed, they are used to derive a functional relationship 
between tidal height and cumulative water volume in the marsh system 
via regression against the plotted data.
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The stage-volume relationship thus derived allows computation 
of discharge flowing past a cross-section for any time interval
known. The discharge is calculated by using the regression equation 
to calculate the volume of water in the marsh at the beginning and 
end of the sample interval. The difference between these volumes,
during the time interval At. The average discharge during the time 
interval is computed by the equation:
(t^ “ t^_^) = At, the sampling interval (T)
This method of determining water volume and discharge was 
used at the two sampling sites, Kings Creek and Glebe Gut.
a.) Kings Creek
The stage-volume relationship from current meter data at Kings 
Creek was derived using data collected with three ENDECO current meters. 
These meters recorded half-hour averaged velocities. The Harlacher 
method (Troskolanksy, 1960) was used to compute discharge by compart­
mentalizing the channel into three sections. The total discharge at 
any instant for the cross-section is expressed as a summation:
At = (t^ - ^  t*ie tidal height as a function of time, h(t) , is
V(h^) - V(h_j_^), is the volume transported into or out of the marsh
(V.ll)
where Q = discharge
3
(V. -V. = the volume difference during At (L )
Q =
3
I u. A. 
i i
(V.12)
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3
where Q = the total discharge at the cross-section (L /T) 
i = the number of the compartment
u. = the velocity measured in the ith compartment (L/T)
1 2 
= the cross-sectional area of the ith compartment (L ).
The current data consisted of 136 half-hour averaged velocity 
measurements. For every velocity measurement, a discharge was com­
puted with equation (V.12). The mean discharge during the current
3
measurements was determined to be 1.02 m /sec and was subtracted 
from each computed discharge. The mean discharge was assumed to 
represent the freshwater input, which was relatively high because of 
rainfall during the current measurements. These adjusted discharges 
were used in equations (V.9) and (V.10) to compute the cumulative 
volume for every half-tidal cycle during which currents were recorded.
The cumulative volumes and the tidal heights corresponding to 
those volumes were used in a stepwise regression program (Nie et al., 
1975). The best fit was obtained from a third order polynomial:
V(h) = 9969. - 14550. h2 + 1467.6 h3 (V.13)
3
where V(h) = volume of water in the marsh system in m 
h = tidal height In meters.
Discharges were predicted for the times when velocities were 
recorded using equations(V.13) and (V.ll) and the mean discharge was 
added for comparison with the measured discharges. A graph of the 
measured and predicted discharges versus time is shown in Figure 7.
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b.) Glebe Gut
At Glebe Gut the stage-volume relationship was derived using 
velocities measured with a hand-held current meter (Byrne and Boon, 
1973). Velocities were measured at two points in the horizontal and 
were averaged. These average instantaneous velocities, taken at 20 
minute intervals for two ebb and two flood half-tidal cycles, were 
used to construct four cumulative volume versus tidal height curves 
with equation (V.9). The mean discharge was assumed to be zero be­
cause there was no rainfall during the current measurements and 
because there were no stream inputs.
Again, a volume-height curve was obtained via regression. The 
best-fit curve was an exponential equation:
V(h) = 1.85 e5*445 h (V. 14)
3
where V(h) = volume of water in the marsh in m 
h = tidal height in meters.
For each of the 72 measured velocities and discharges the 
discharge was computed from equations (V.14) and (V.ll). Graphs 
of measured and predicted discharge versus time for each of the four 
half-tidal cycles are presented in Figure 8 .
2) Stage-Volume Relationship Derived 
From a Hypsometric Curve
Volume of water in a tidal marsh system can be derived from 
a relationship between water surface area and tide stage:
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To evaluate the integral of equation (V.6), the function 
Ag (h) needs to be derived. Boon (1975) modified Strahler’s (1952) 
hypsometric relationship to describe, in dimensionless form, the 
relationship between water surface area in a marsh and tidal height:
A 1 = r +rQ(ifr)  G=(l-H')1/Z (V.15)
(A-Amin)
where A ’ = -7------   = dimensionless areaA — a 
max min
2
A = water surface area (L )
A . = the water surface area corresponding to the
min minimum tidal height (L^)
A = the water surface area corresponding to the 
maximum tidal height (L^)
(H"Hmin)H t = —----- —---r—  = dimensionless tidal height
H  — H  # )max mxn
H . = the minimum tidal height (L)m m  0
H = the maximum tidal height (L) max
r,z = constants.
Using equation (V.15), water surface area as a function of tidal height 
can be computed in any tidal marsh system where the constants r and z 
are known. The result of this computation is a dimensionless hypso­
metric curve shown in Figure 9.
Once the dimensionless hypsometric curve is available, the 
dimensionless volume of the marsh may be computed by integrating 
eq. (V.6) using the hypsometric function as A(h). The desired result, 
however, is a dimensional relationship between tidal height and volume
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of water in the marsh. The dimensionless volume may be converted to 
a dimensional volume by the equation:
V = (A - A . ) (H - H . )V' (V.16)max m m  max m m
3
where V = dimensional volume (L )
V T = dimensionless volume.
Combining equations (V.6), (V.15) and (V.16) results in the 
following expression for dimensional volume as a function of tidal 
height:
V(h) = (A - A . )(H - H . ) • max m m  max m m
V  r(l-G) , n . (V'17>
r + G(l-r) d H *
H.l
Equation (V.ll) is used to compute discharge from the volumes 
provided by equation (V.17). Constants r and z are generally obtained 
by fitting the equation to known values of surface area as a function 
of tidal height. In this study, aerial photographs of each marsh were 
taken at various tidal stages. Planimetry of the photographs was 
intended to provide the surface area data.
Results of applying this methodology to Kings Creek and Glebe 
Gut are described in the following sections.
a.) Kings Creek
Aerial photographs of Kings Creek were taken on June 23, 1978 
and September 17, 1978. Black and white infrared film was used which 
shows water areas as black and vegetation as white, thus facilitating 
areal determinations by planimetry. The dense vegetation on the marsh
37
surface covered the water, however, making water surface area measure­
ment from aerial photographs impossible over a large portion of the 
tidal range. The only reliable measurements of water surface area 
obtainable from the photographs were during stages up to bankfull 
and the marsh full stage.
With these minimal data points, it was difficult to construct 
a curve of surface area versus tidal height and to determine the 
constant z. Values of z = 0.5 and r = 0.01, used by Boon (1973) 
in a study of a tidal marsh on the Eastern Shore of Virginia and 
suggested as being a typical value for this type of marsh, were 
chosen instead.
Using values of z = 0.5, r = 0.01, H . = 0. m, H = 1.69 m,min max
2 2 A . =0. m , and A = 602541 m , a dimensionless hypsometric curve
m m  max
was constructed with equation (V.15) and is shown in Figure 10.
This hypsometric curve was then used to predict volumetric 
fluxes for comparison with the ENDECO current meter measurements.
Marsh water volumes were calculated with equation (V.17) and 
converted to predicted discharges via equation (V.ll). The mean dis-
3
charge of 1.02 m /sec was added to each prediction before comparison 
with the measured flows. The measured discharges and the predicted 
discharges are plotted versus time in Figure 11.
b .) Glebe Gut
The hypsometric method was used at Glebe Gut in the same 
manner as at Kings Creek. Aerial photographs of the marsh were taken 
on June 23, 1978 and September 16, 1978. Again, the density of
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vegetation prevented the water under it from being detected in the
photographs. Consequently, reliable measures were obtained only for
stages up to bankfull and the marsh full stage.
The value of the exponent, z = 0.5 which had been used at
Kings Creek was used along with r = 0.01, H . = 0 .  m , H  = 2.015 m,m m  max
2 2 A . = 0.0 m , and A = 175569 m , in equation (V.16). The hypso-m m  max
metric curve did not correlate well with the aerial photographic data. 
This may be attributed to the difference between freshwater and meso- 
haline tidal marshes (Heinle and Flemer, 1976). Mesohaline tidal 
marshes have definite channel levees while freshwater marshes have 
none, allowing the marsh to flood at lower tide levels. This changes 
the shape of the hypsometric curve and the value of the exponent z 
and the curvature r.
Several values of z and r were tested to obtain the best fit 
between measured discharges and predicted discharges from equations 
(V.16) and (V.ll). Values of r = 0.01 and z = 0.33 were found to give 
the best prediction. The hypsometric curve is shown in Figure 12.
The measured and predicted discharges are shown in Figure 13.
3) Stage-Volume Relationship Derived from Bottom Profiles
The volume of water in a marsh system can be estimated using 
the geometry of the stream channel and the surrounding marsh:
V(h) = dxdydz. (V.7)
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Exact integration over all three spatial dimensions of equation (V.7) 
is not feasible. The integral in equation (V.7) may be approximated, 
however, by the summation of a series of horizontally oriented prisms:
n
V(h) = E v. (V.18)
i=l 1
where V(h) = the volume of water in the marsh below 
tidal height h (L^)
3
v^ = the volume of water in the ith tidal prism (L )
i = the tidal height index
n = the total number of tidal heights.
The volume of water in each prism is composed of a summation
along the length of the channel. The v^ in equation (V.18) is actually 
the summation:
m
v. = E v. (V.19)
1 J
where v. = the volume of a prism between two vertical
 ^ transects and two horizontal planes (L^)
j = the transect number
m = the total number of transects.
The volume v. shown in Figure 14 is computed as the area of a 
3 i
trapezoid multiplied by the height interval:
v4 = (h. “ h ) ( % ) d ( a + b) (V.20)
3 i+l i J
where = height interval (L)
d^  = the distance between transects (L)
a = the width of the channel at transect j ,
height (h_L+1 + hi)/2 (L)
b = the channel width at transect j+1 ,
height (hi+1 + h±)/2 (L) .
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For this system, j = transect index which goes from j = 1 to m,
i = height index which goes from i = 1 to n,
a = (W. . +W. .)/2, the width at transect i
1,3 i+l,j
between heights tu and
b = (W. .._ + W. ,- . ,-)/2 , the width at transecti,j+l i+l,j+l
j+l between heights h_^  and
W. . = the width of the channel at height i and 
1,~* transect j .
Equation (V.20) can be expressed now as:
v. = %(h. - h.)d. ( W. .+W.,- .+W. . +W. ).
3 i+l i 3 1+1,3 i,J+l i+l,3+1
(V.21)
The volume of the entire channel between tidal heights h 
and is computed by summing the individual volumes between tran­
sects. Substituting equation (V.21) into equation (V.19) and summing 
from j =1 to m yields:
m m
v.l £ v. = h £ ( (h.,i - h .)d .(W. . + W. ...j=l 3 j=i 1+1 1 J ijJ+i
+ W . . + W. )) (V.22)1+1,3 i+l,3+l J
The total volume of the channel is computed, summing over all 
height intervals. Substituting equation (V.22) into equation (V.18) 
and summing over the tidal heights from i = 1 to n yields:
n n
V (h) = £ v. = h E
i=l 1 i=l
m
z ((h1+1 -h.)d
J=1
(W. .+W.,- . +W. . , - + w.,- .,-,)}
1,3 1+1,3 i,J+l i+l,3+1 J J
(V.23)
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The discrete values of cumulative volume computed by equation
(V.23) are arranged in an array of cumulative volumes. From these 
data, the volume of water in the marsh system can be calculated for 
any tidal height from low water to the bankfull stage, which is 
defined as the tidal height at which water leaves the channel and 
flows out onto the marsh surface. A Lagrange interpolating polynomial 
(Stark, 1970) is used in a computer program which computes water 
volumes corresponding to intermediate tidal heights.
heights above the bankfull stage since above this stage water flows 
irregularly onto the marsh where no bottom profile was recorded.
Volume above bankfull is determined by integration of water surface 
area with tidal height. Surface area is assumed to increase linearly 
from bankfull area to marsh full area. This is depicted in Figure 15.
The surface area of water A at any tidal height H above the 
bankfull stage is expressed by the relationship:
A different method of determining volume is needed at tidal
A (h)
J
(V.24)
where A = the surface area of the marsh at the marsh max _ -_
A^ = the surface area of the marsh at the bank- 
full stage
H = the maximum tidal height or marsh full stage max
= the bankfull stage.
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Using the expression for water surface area above bankfull, 
the volume of water in the marsh system is obtained at any tidal 
height above bankfull by:
H
V (h) = A(H)dH + Volume at bankfull (V.25)
The volume of water flowing into or out of the marsh between 
any two tidal heights is determined by the difference in volumes, 
calculated by equations (V.23) and (V.25), at the two heights. 
Discharge is computed by equation (V.ll).
The bottom profile method was only used at Kings Creek, not at 
Glebe Gut, which was unsuited due to its branched configuration and 
shallow depth.
a.) Kings Creek
The method of constructing of a stage-volume relationship from 
bottom profiles was used at Kings Creek with hydrographic data collected 
on September 30, 1978 and October 5, 1978. The bottom profile of the 
channel was measured with a Raytheon DE-729 recording fathometer at 
ten locations between the mouth and the head of the creek. All tidal 
heights were referenced to the tide gauge at the mouth of the creek. 
Channel widths were measured from the bottom profiles at 0.077 meter 
tidal height intervals. The distance between transects was measured 
from aerial photographs with a NUMONICS Model 1224 Electronic digitizer.
After tabulating the field data* equations (V.23) and (V.25) 
were used to compute the cumulative volume of water in the marsh
49
(Figure 16). The integral in equation (V.25) was evaluated by the
2
trapezoidal rule, with = 1.524 m, Hmax = 2.006 m, A^ = 92,900 m ,
2
and A = 602,541 m . The constants EL and H were determined max b max
from the leveling survey of the marsh surface and A^ and A ^ were 
measured with the NUMONICS digitizer from the aerial photographs.
Discharges were predicted using equation (V.ll) and compared 
to the discharges measured with the ENDECO current meters. The mean
3
discharge of 1.02 m /sec was added to the predicted discharges to 
compare them with the field data. The predicted discharges and the 
measured discharges are plotted versus time in Figure 17.
C. Determination of the Most Accurate 
Volume-Height Relationship
The three methods of determining marsh water volume as a 
function of tidal height were compared to determine which one would 
be used to calculate net fluxes of CBOD^, NH^, and TKN. The pre­
ferred volume-height relationship is the one which most closely 
predicts the measured discharges.
The association of the predicted and measured discharges 
can be examined by plotting the predicted and measured discharges 
as in Figure 18. The graph shows the agreement of the two discharges 
by the proximity of the data points to a line with a slope of unity. 
With a perfect model, all predicted discharges would be equal to the 
measured discharges and all data points would be on the line.
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The line along which predicted and measured discharges are 
equal is the line of zero residual discharge. The residual discharge 
is defined as
AQ = Q - Q (V.26)m pc
3
where AQ = the residual discharge (L /T)
3
Q = the measured discharge (L /T) 
m ^
Qp = the predicted discharge (L /T).
Imperfect models have some scatter of the data points about the zero- 
residual line and the extent and characteristics of this scatter 
express the fit of the model to the data. The model with the largest 
number of data points closest to the line is the most appropriate 
model.
The relationship among the residuals resulting from the three 
volume-height methods was quantified by means of the root-mean-square 
of the residuals. The average residuals could have been calculated 
for each method, but positive and negative errors would cancel in the 
evaluation of the mean. Therefore a parameter calculated as the 
positive square root of the residuals squared was employed.
The root-mean-square of the residuals was computed:
rms =
n 2 
E (AQ).
i=l
n
1/2
(V. 2 7 )
where i = the measured discharge index
n = the number of residual discharges
3
(AQ)^ = the residual discharge. (L /T)
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1) Kings Creek
Graphs of predicted discharge from the three volume-height 
relationships versus measured discharge from the ENDECO current 
meters are shown in Figures 18, 19, and 20.
Figure 18, discharge predicted by the volumetric integration, 
shows a scatter of points on both sides of the zero residual line.
Predicted discharges from the hypsometric method are plotted 
versus the measured discharges in Figure 19. In this case, there is 
a definite tendency toward an underestimation of the predicted dis­
charges .
Figure 20, discharge predicted by the bottom profile method, 
reveals more scatter than both previous methods and the consistent 
underestimation of discharges seen in Figure 19.
The volumetric integration method resulted in the most desirable 
discharge predictions because the predicted discharges were not con­
sistently underestimated or overestimated.
As an alternative to examining the scatter diagrams, the 
error in each model was quantified by the root-mean-square residual 
discharge. The volumetric integration method, hypsometric method, 
and bottom profile method had root-mean-square residual discharges
3
of 2.86, 3.03, and 3.74 m /sec. The volumetric integration method 
had the lowest root-mean-square residual. This result supports the 
choice of volumetric integration as the method which most closely 
approximates the measured discharges and has the minimum values of 
residual discharge.
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2) Glebe Gut
Discharges measured at Glebe Gut with a ducted-impeller current 
meter were compared to predicted discharges. The volumetric inte­
gration method and the hypsometric method were used to predict the 
discharges.
Graphs of predicted discharge versus measured discharge for 
the two methods are shown in Figures 21 and 22.
Figure 21, discharge predicted by the volumetric integration 
method, shows a scatter of points about the zero residual line and 
underestimation of some of the ebb discharges.
Predicted discharges from the hypsometric method are plotted 
versus the measured discharges in Figure 22. Compared to the volu­
metric integration method, this graph shows a larger amount of scatter 
of the flood discharges and, again, consistent underestimation of the 
ebb discharges.
To confirm the appropriateness of the volumetric integration
method, the root-mean-square residual discharge was calculated for
the two methods. The volumetric integration method had a root-mean-
3
square value of 2.10 m /sec. The hypsometric method had a value of 
3
2.66 m /sec.
3) Verification
The choice of the volumetric integration method needs inde­
pendent verification since the integrated volume curves were originally
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derived from the current meter data. Verification was performed by 
plotting the same variables, predicted and measured discharge, using 
an independent set of measured discharge data. A General Oceanics Model 
6 0 11 current meter was placed in Kings Creek in the center of the 
channel at mid-depth for a two week period beginning September 1,
1978. The current meter recorded instantaneous current speed and 
direction every 15 minutes. This current data was used to compute 
discharge as the product of cross-sectional area and velocity. The 
array of General Oceanics discharge data was compared to predictions 
obtained from the three methods of determining volume as a function 
of tidal height. Graphs of predicted discharge versus measured dis­
charge shown in Figures 23, 24, and 25 show the same trends as the 
graphs plotted with data from the ENDECO current meters. This 
verification again indicates that the volumetric integration method 
is the most desirable method because it has more evenly distributed 
scatter about the zero residual line than the other methods.
The root-mean-square residual was computed for the three 
volume-height relationships and the General Oceanics data. The 
volumetric integration method, hypsometric method, and the bottom 
profile method had root-mean-square residual discharges of 3.60,
3.79 and 3.94 m'Vsec.
Volumetric integration again had the lowest root-mean-square 
residual, verifying the selection of this method as the best volume- 
height relationship.
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CHAPTER VI
DETERMINATION OF NET FLUX OF CBOD5 , NH^, AND TKN
The best method of deriving the stage-volume relationship 
was determined by the precision with which the method predicted 
the measured discharges. The most precise method was the stage- 
volume curve determined from current measurements. This method 
was used in conjunction with the water quality data to quantify the 
net flux of CBOD^ _ , NH^ and TKN into or out of the marsh.
During each survey, tidal height was measured every six 
minutes and the concentrations of CBOD^, NH^ and TKN were determined 
each hour. Water volume transport during each one-hour period was
computed by the difference between the marsh volume one half hour
before the sampling time and the marsh volume one half hour after 
the sampling time.
The net mass flux over the,survey period was determined by 
the summation of the products of the volumetric flux during each 
sampling interval and the concentration, expressed as:
n
= 2 (V.c.) (VI.1)
i=l 1 1
where = the total mass exchanged in the survey 
period (M)
i = the index of the sampling interval
n = the total number of samples
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V. = the volumetric flux during the sampling interval 
1 (L3)
c. = the concentration measurement in the ith sampling 
1 interval (M/L^).
Specific calculations of mass transport at each sample site 
are detailed in the following paragraphs.
A. Kings Creek Mass Fluxes
Net mass flux was calculated at Kings Creek during 25-hour 
periods on July 11-12, July 23-24, and August 3-4, and during one 
12-hour period on September 14-15, 1978.
Throughout all the surveys, At = 1 hour. Hourly mass fluxes 
and the net mass fluxes for all measured parameters are given in 
Appendix B. Net mass fluxes are summarized in Table 2.
B. Glebe Gut Mass Fluxes
Net mass flux was calculated at Glebe Gut during 25-hour 
periods on June 14-15, July 23-24, and August 3-4, 1978. Again,
At = 1 hour. The hourly mass fluxes and the net mass fluxes for 
all measured parameters are given in Appendix B , with a summary in 
Table 2.
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TABLE 2
NET MASS FLUXES FROM KINGS CREEK AND GLEBE GUT
Location Date-’78 CBOD <kg) nh3 (kg) TKN(kg)
Kings Creek 7/11 - 7/12 + 1301.3 X X
- 1295.7
Net + 5.6
Kings Creek 7/23 - 7/24 + 2396.2 + 16.7 + 177.7
- 1798.7 - 13.6 - 159.8
Net + 597.5 + 3.1 + 17.9
Kings Creek 8/3 -■ 8/4 + 781.5 + 46.8 + 141.3
- 841.6 - 30.3 - 121.2
Net - 60.1 + 16.5 + 20.1
Kings Creek 9/14 - 9/15 + 1051.1 + 37.7 + 211.5
(1 tidal - 1133.0 - 22.5 - 252.7
cycle) Net — 81.9 + 15.2 — 41.2
Glebe Gut 6/14 - 6/15 + 47.2 X X
- 42.0
Net + 5.2
Glebe Gut 7/23 - 7/24 + 94.3 + 3.7 + 23.4
- 182.0 - 4.3 - 23.6
Net - 87.7 - 0.6 - 0.2
Glebe Gut 8/3 -■ 8/4 + 136.9 + 5.1 + 38.4
- 134.0 - 5.6 - 36.2
Net + 2.9 - 0.5 + 2.2
+ = import
- = export
CHAPTER VII 
ANALYSIS OF UNCERTAINTY
An uncertainty is associated with measuring or predicting net 
mass flux in a tidal marsh creek system. Quantification of this 
uncertainty is necessary and important due to the nature of rever­
sing flows. The uncertainty in the flux estimate must be less than
the net flux for any results to be meaningful.
Many natural processes are Gaussian, since they are the sum 
of random interactions. By the central limit theorem, the distri­
bution of the sum of random variables approaches the Gauss distribution 
(the normal error function). The net mass flux in a tidal marsh creek 
system is a result of a number of simultaneous random processes. 
Therefore the net mass flux is assumed to follow the Gauss distribution.
The integral of the normal error function gives the probability 
that an estimate will fall within specified limits. These limits are 
often specified as multiples of the standard deviation, which is a 
measure of the deviation from the mean of the normal error function.
The confidence interval in this study was chosen as the mean plus or
i
minus one standard deviation. This confidence interval corresponds to 
a 68 percent probability that a measurement will occur in that interval.
The standard deviation of a measurement is defined as the square
root of the variance. The variance of a single parameter, x, is
67
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defined as:
2 1 V  ta = —  Z (x. - x)
x n . - ii=l
where n = the total number of measurements 
x = the mean measurement 
x. = individual measurements.l
Given the function, Y, of n independent parameters,
the variance of the function may be calculated by:
9f
9x.
a2 + 
X1
9f
^3x2
a2 + 
x 2
9f
/ \
+ . . . + 9f9xn n
where x^, x2 , x^, ... x^ are independent parameters
2 2 2 2
a , a , a , ... a are the parameter variances 
x x2 x3
The standard deviation of the function may be expressed
°Y =
3f
i.3xX
a2 + 
X1
9xr a2 + x 2
f - \
9f
9x. x«
/• \2 „
9f 2
9x aXv n; n
1/2
(VII.1)
(VII.2)
(VII.3)
by:
(VII.4)
The standard deviation of the mass flux during each survey 
may be obtained by applying equation (VII.4) to the expression used 
to compute mass flux.
The mass flux equation (VI.1) can also be represented: 
n
MT = E Q, At.c . (VII.5)
i=l
where Q_^  is the volumetric flow rate during the sampling
interval At^. Equation (VII.5) is of the form of equation (VII.2)
with x_ , x0 , x„ , ... x represented by Q-, c_ , At_ , . . ., Q , c , At . 
i z o  n 1 1 1  n n n
The standard deviation of the net mass flux a,, is obtained
“t
by substituting equation (VII.5) in equation (VII.4):
2 2 2 2 2 2 
(c_ At ) at. + (Q At ) a +  ( c _ A t 9 )z 
1 1  Q1 1 1  c 2 2 Q2
+ (C1Q1>2 °lH + °c2 + (C2Q2)2 ° L 2
+ ... + (cNAtN)2 a2 + (QNAtN)2 a2
N N
2 7 ' 1 / 2
+ (W  °AtNJ
(VII.6)
Assuming that the standard deviation of the measurement of the
time interval is zero, o A = o A = o. = . . . a A = 0 , and thatAt- At0 At0 At1 2  3 n
the time intervals are equal, At^ = At2 = At^ = ... At^ = At, equation 
(VII.6) becomes:
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Equation (VII.7) gives the uncertainty in the mass flux 
measurement of each survey, allowing mass flux to be expressed as:
Mt + aM . (VII.8)
In order to calculate the net flux uncertainty, the standard 
deviations of the discharge measurements, o^, and the standard 
deviations of the concentrations, a , need to be quantified.
A. Analysis of Discharge Uncertainty
Each discharge measurement incorporates two sources of uncer­
tainty. The first arises from the inability to take perfect measure­
ments. The second arises from the inability of the model to reproduce 
the measurements. The first uncertainty may be called a measurement 
error, the second may be called a precision error.
1.) Measurement Error
The measurement error results from incomplete current measure­
ments in the lateral-vertical plane. The vertical error at Kings Creek
I
was assumed to be negligible because the depth of the water was of the 
same order of magnitude as the size of the current meter impeller.
Thus the current meter produced a vertically integrated sample.
An estimate of lateral error was made based on the analysis of 
Boon (1978) in which discharge in a salt marsh creek was measured using 
seven current meters at a location where the channel was 10.5 meters 
wide. Flow estimates were made based on successively fewer meters,
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and the error, compared to the seven meters, was evaluated. The seven 
meters were assumed to produce negligible measurement error. The 
relative difference between the discharge calculated with seven 
current meters and four current meters was determined to be 2.7%.
The use of two current meters compared to seven current meters resulted 
in a relative difference in discharge of 8.7%. Interpolation to 
obtain an error applicable to the three current meters at Kings Creek 
results in a relative error of 6%. Thus the horizontal discharge 
measurement error in this study was considered to be 6% of the discharge.
At Glebe Gut, the flow is turbulent and shallow, so that
negligible vertical discharge error is assumed. Turbulent open channel
flow exists where the value of the Reynolds number exceeds 3000 (John
and Haberman, 1971). An average value of the Reynolds number at Glebe 
6Gut is 1 x 10 which is highly turbulent. Figure 26 shows a turbulent 
velocity profile, which exhibits very little variation of velocity 
with depth.
The horizontal measurement error was assumed to be equal to 
8.7%, based on Boon's (1978) lateral discharge error for two current 
meters.
2) Precision Error
The precision of the model is investigated through comparison 
of measured discharges and predicted discharges. The predictions are 
made by the method which has the lowest root-mean-square residual 
discharge - the volumetric integration method.
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FIGURE 26. Turbulent velocity profile (R > 3000).
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The precision error was quantified through calculation of the 
residual discharge by means of equation (V.26). A residual discharge 
of zero would imply a perfect model. The standard deviation of the 
residual discharges about the mean residual discharge expresses the 
error inherent in the model.
In order to investigate the distribution of the residual dis­
charge as a function of measured discharge, the measured discharges 
were grouped in discrete intervals from the lowest ebb discharge to 
the highest flood discharge. Next, the standard deviation of each 
group of residual discharges was computed, resulting in an estimation 
of the discharge uncertainty for each range of measured discharges.
3) Kings Creek Discharge Uncertainty
The standard deviation of discharge, o , at Kings Creek wascL
derived using the residual errors which resulted from comparison of
the volumetric integration method to the ENDECO current data. The
3
measured discharges were grouped in 2.83 m /sec ranges and the 
standard deviations were calculated for each group. The results 
are plotted in Figure 27 which shows standard deviation as a function 
of measured discharge.
4) Glebe Gut Discharge Uncertainty
The standard deviation of discharge at Glebe Gut was derived 
using the residual discharges which resulted from comparison of the 
volumetric integration method to the current meter data. The measured
3
discharges were grouped in 0.57 m /sec ranges. The standard deviation
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of each group was calculated. The standard deviations versus measured 
discharges are plotted in Figure 28.
5) Summary
The precision discharge errors, expressed as absolute numbers, 
need to be expressed as percent errors so that they can be compared 
to the percent measurement error. This comparison shows whether or 
not one type of error is dominant.
The discharge precision errors were computed as the standard 
deviations of groups of residual discharges. Each standard deviation 
was divided by the residual discharge at the center of its range.
This resulted in a percent precision error as a function of residual 
discharge. The percent precision errors ranged from 13% to 94%.
The measurement error of 6% was considered negligible compared to 
the precision error, therefore only precision discharge error was 
expressed by a^.
B. Analysis of Concentration Uncertainty
Concentration measurements in tidal marsh channels are subject 
to uncertainties because of spatial and temporal variations in concen­
tration distribution and laboratory analysis error. Spatial and 
temporal errors arise from sampling concentrations of discrete points 
and times rather than continuously in space and time. Laboratory errors 
arise from lack of precision in laboratory analyses. The magnitude of 
each of these errors was examined with data from some auxiliary surveys 
for several conservative and non-conservative substances.
1) Kings Creek Concentration Uncertainties
a.) Spatial Errors
Concentrations were assumed to vary appreciably in the horizontal 
direction at Kings Creek which is 30 meters wide where the water samples 
were taken. In order to obtain a reasonable representation of the con­
centration throughout the cross-section, three or four samples, depending 
on the stage of the tide, were taken and composited. When four samples 
were taken, two of them were taken in the center of the channel at the 
top and bottom of the water column. For this sampling scheme, two 
sources of error arise: compositing error and vertical sampling error.
A measure of the compositing error was computed as the fractional
error:
composite
c
- c)
(VII.10)
where ccomposite = the concentration of the composited sample (ppm)
c = the average concentration of the 
individual samples (ppm).
The sampling error of the measured parameters was:
r
CB0D5 : A c 0.03
c
V.
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The uncertainty due to vertical variability of concentration 
was investigated at Kings Creek by sampling concentrations with a pump 
at points located at 1/4, 1/2, and 3/4 of the total depth. A sample 
was also taken with a VanDorn bottle at 1/2 the total depth, as was 
done during typical sampling periods. The difference between the 
bottle sample concentration and the depth average concentration is a 
measure of the error due to vertical variation in concentration. This 
fractional error is expressed by:
Ac (c Cbottle)
(VII.11)
v
where = t*ie concentration of the bottle sample (ppm)
c = the average of the three pumped samples (ppm).
This procedure resulted in the following errors:
CBOD,
DO
Salinity:
Ac
=  0.01
Ac
v
= 0.15
v
r \
Ac = 0.30
v
It was noted that the salinity vertical error of 30% was more 
than twice as large as that of dissolved oxygen. The vertical error 
in salinity was large because salinities were abnormally low during 
the survey. Typically, salinity at Kings Creek ranged from about 5 
to 15 ppt, but on this survey date, salinities ranged from 0.3 to
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1.3 ppt. A small difference in top to bottom salinity therefore 
resulted in a large relative error. At these low salinities, the water 
is classified as fresh, and measurement of salinity from conductivity 
is affected by ions other than the chloride ion. Therefore, the 30% 
error due to vertical variation was not used.
An alternate method of estimating the vertical variation was 
used on a date when salinity values were more typical. Three bottle 
samples were taken in the vertical, at the top, middle, and bottom of 
the water column. The fractional error due to vertical variation in 
salinity was computed by:
Ac (c - C . )Tniddle' (VII. 12)
v
where c . . = the concentration of the middle bottle
middle „ , xsample (ppt)
c = the average concentration of the three
samples (ppt).
This procedure resulted in a vertical salinity error of 0.05 which 
was utilized in further analysis.
b.) Temporal Errors
The concentration of a substance at any point in the channel 
changes with time because of the tidal current and other factors.
Any instantaneous sample can only approximate the average concentra­
tion over the length of the sample interval. Thus a temporal sampling 
error results which varies with the length of the sample interval. 
Larger intervals will likely result in larger temporal errors.
7 9
To investigate the error resulting from the one hour sampling 
interval chosen for this study, the variations with time of the con­
centration of CBODj., DO, and salinity were measured on two occasions. 
The concentrations were measured in the center of the channel every 
six minutes for a period of one hour. The concentration at the center 
of the one hour interval is the sample approximation of the average 
concentration for that hour. The error in that approximation was 
quantified as the fractional error:
Ac Ccentral^ (VII.13)
where ccentral the concentration of the sample taken at the center of the one hour interval (ppm)
the average of the concentrations of the 
ten six-minute interval samples (ppm).
The average error of the two surveys was:
AcCBOD, =  0.020
DO Ac = 0.015
Salinity:
f \
Ac = 0.036
c.) Laboratory Error
Laboratory error was examined by analyzing replicate samples.
The coefficient of variation, defined as the standard deviation divided 
by the mean value, was used as a measure of the uncertainty in
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concentration. Replicate samples, usually four, were taken at random 
throughout the sampling periods. The averages of the coefficients 
of variation were:
CB0D5 : 0.08
DO : 0.015
NH3 : 0.43
TKN : 0.19.
d.) Summary
All of the concentration uncertainties at Kings Creek are 
listed in Table 3. It can be seen that the laboratory precision 
error exceeds the sampling error for CB0D<_, NH^ and TKN. Any spatial 
or temporal uncertainties are within the precision limit of the sample 
analyses. Thus the laboratory precision error was used as the estimate 
of the concentration errors.
2) Glebe Gut Concentration Uncertainties
a.) Spatial Errors
The small size of the culvert and the turbulent flow led to 
the assumption that the spatial variations in the channel were negli­
gible. As a test of this assumption, the concentration of a non­
conservative substance, dissolved oxygen, was measured at the top, 
bottom and sides of the water column on two occasions. The relative 
errors represented by the coefficient of variation were 0.5% and 2.1%. 
These small spatial errors lend credence to the well-mixed hypothesis.
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TABLE 3
CONCENTRATION UNCERTAINTIES AT KINGS CREEK
Parameter Lab. Error 
±  %
Compositing 
Error + %
Vertical 
Error + %
Temporal 
Error + %
cbod5 8. 3. 1 . 2 .
NH3 43. 24.
TKN 19. 9.
DO 1.5 15 1.5
Salinity 5. 3.6
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b.) Temporal and Laboratory Errors
The temporal and laboratory errors evaluated at Kings Creek were 
assumed to apply to Glebe Gut as well. Thus laboratory error predomi­
nates at Glebe Gut as it did at Kings Creek.
C. Calculation of Net Mass Flux Uncertainty
The analysis of the Kings Creek and Glebe Gut concentration 
uncertainties resulted in the laboratory error being the predominant 
error in concentration. The standard deviation of any concentration, 
represented by in equation (VII.7) was approximated by the product 
of the coefficient of variation of the laboratory measurements and con­
centration. The standard deviation of discharge, cr^  was approximated 
by the standard deviation of the residuals as a function of discharge.
With the uncertainties and quantified, the uncertainties 
in the net mass fluxes were calculated by equation (VII.7). The net 
mass fluxes and their uncertainties expressed in kg/day (one day = 
two tidal cycles) are listed in Table 4 for each survey site and date.
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TABLE 4
NET MASS FLUXES AND UNCERTAINTIES
Location Date- ’78 CBOD NH. TKN
(kg/day) (kg/day) (kg/day)
Kings Creek 7/11 - 7/12 + 5.6 + 314. - -
Kings Creek 7/23 - 7/24 + 597.5 + 582. + 3.1 + 6.2 + 17.9 + 42.4
Kings Creek 8/3 - 8/4 - 60.1 + 221. + 16.5 + 14.4 + 20.1 + 35.3
Kings Creek 9/14 - 9/15 - 163.8 + 320. + 30.4 + 21.8 - 82.4 + 91.2
Kings Creek
Average + 94.8 + 192. + 16.7 + 8.9 — 14.8 + 36.6
Glebe Gut 6/14 - 6/15 + 5.2 + 15.6 -
Glebe Gut 7/23 - 7/24 - 87.7 + 46.1 - 0.6 + 1.3 - 0.2 + 5.7
Glebe Gut 8/3 - 8/4 + 2.9 + 33.5 - 0.5 + 1.7 + 2.2 + 9.5
Glebe Gut
Average 26.5 + 19.7 0.6 + 1.1 + 1.0 + 5.5
+ = import
- = export
CHAPTER VIII
SIGNIFICANCE OF MARSH FLUXES
The significance of the measured net fluxes relative to the 
point sources was investigated by estimating the total contribution 
to each estuary from all adjacent marshes. In doing this, the 
assumption was made that Kings Creek is representative of the meso- 
haline marshes on the York and James Rivers and Glebe Gut is repre­
sentative of the freshwater marshes.
In order to apply the results of this study to the James and 
York Rivers, it was necessary to express the net fluxes on an areal 
basis. Areal fluxes were obtained by dividing the net fluxes by the 
corresponding marsh areas and are shown in Table 5. Next, areal 
fluxes were multiplied by the total areas of freshwater and salt 
water marsh adjacent to each estuary to obtain the total estuarine 
flux.
The average areal fluxes of each constituent from each marsh 
are not known exactly but can be expressed only as estimates which 
lie within specified limits. These limits are one standard deviation 
on either side of the mean fluxes. Thus the average marsh-estuarine 
fluxes are expressed as ranges of the estimates. The standard 
deviation of the estimated total marsh-estuarine fluxes is obtained
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via equation (VII.4):
. \lt2 2 ■ -2 2a = WAT at + A a (VIII. 1)
t i/ f f m m
where a^ = standard deviation of the sum of fresh and 
mesohaline marshes (M/T)
2
A^ = the area of freshwater marshes (L )
2
A = the area of mesohaline marshes (L ) 
m
= standard deviation of the average freshwater 
marsh contribution (M/L^/T)
a = standard deviation of the average mesohaline 
HI omarsh contribution (M/Lz/T).
The results of these computations are given in Table 6.
The ranges of the estimated average fluxes are presented in 
Table 7. The most significant result is that the marshes imported 
ammonia during the surveys. The York River marshes are estimated 
to have imported an average of 294. to 1576 kg/day of NH^. The James 
River marshes are estimated to have imported an average of from 624. 
to 2590. kg/day of NH^ from the estuary.
The range of the CBOD^ fluxes is such that a definite direction 
cannot be assigned, but the potential for large marsh exports or 
imports exists. The estimated average York River CBOD^ marsh flux 
ranges from an export of -13,727. kg/day to an import of +13,041. 
kg/day. The estimated average James River marsh exchange of CBOD^ 
ranges from an export of -17,293. kg/day to an import of +24,319. 
kg/day.
The range of the estimated average TKN contribution suggests 
that there is a potential for exchange from an export of -3398. kg/day
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TABLE 6
COMPUTATION OF ESTIMATED AVERAGE MARSH FLUXES
cbod5
York River 
James River
Contribution from 
Freshwater Marshes 
(kg/day)
- 6510 + 4844
- 6491 + 4830
Contribution from 
Mesohaline Marshes 
(kg/day)
+ 6167 + 12,477 
+ 10,004 + 20,238
Total 
(kg/day)
- 343 + 13,384 
+ 3513 + 20,806
nh3
York River - 147 + 265
James River - 147 + 265
+ 1082 + 584 
+ 1754 + 946
+ 935 + 641 
+ 1607 + 983
TKN
York River + 246 + 1361
James River + 245 + 1357
963 + 2310 
1562 + 3747
- 717 + 2681
- 1317 + 3986
Marsh Areas
James River Freshwater Marshes = 4899 ha.
James River Mesohaline Marshes = 7695 ha.
York River Freshwater Marshes = 4913 ha.
York River Mesohaline Marshes = 4744 ha.
Average Fluxes
CBOD^(kg/ha/day) NH^(kg/ha/day) TKN(kg/ha/day)
Mesohaline (Kings Creek) + 1 . 3 0 + 2 . 6 3  + 0.228 + 0.123 - 0.203 + 0.487
Freshwater (Glebe Gut) - 1.325 + 0.986 - 0.030 + 0.054 +0.050 + 0.277
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to an import of +1964. kg/day in the York River. The estimated average 
James River potential exchange of TKN ranges from an import of -5303. 
kg/day to an import of +2669. kg/day.
A comparison between the potential marsh fluxes and the estuarine 
point sources is also presented in Table 7. It can be seen that the 
potential flux of CBOD^ between the York River and the marshes is about 
five times the magnitude of the point source contributions. The James 
River marsh flux is about fifty percent or less of the point source 
contribution, however.
The import of ammonia by the marshes may be from one to five 
times as large as the point source inputs to the York River. In the 
James, the potential imported ammonia is roughly 30% or less of the 
point source inputs. The potential marsh-estuarine flux of TKN in 
the York River is about one to six times higher than the point source 
inputs. In the James River, the potential flux is one half or less 
of the point source inputs.
CHAPTER IX
DISCUSSION 
A. Stage - Volume Relationships
Of the three methods of deriving a stage-volume relationship, 
integration of current meter data was found to be the most precise.
The hypsometric method of deriving a stage-volume curve was 
found to be less precise than the use of current meter data, but the 
potential of this method was not fully explored. Aerial photographs 
taken in early spring, before the appearance of vegetation, would 
provide a better relationship between water surface area and tidal 
height and thus more accurate discharge predictions.
The method of deriving a stage-volume curve from bottom pro­
files predicted the magnitude of the maximum discharges well, but 
underestimated the discharges overall. This could be explained by 
the exclusion of distributaries from the model.
I
B. Material Fluxes 
2) Ammonia
The results of this study suggest that during the survey 
period, marshes adjacent to the York and James Rivers imported ammonia 
from the estuaries. To the extent that marshes are sinks of ammonia, 
they are valuable in removing NBOD (as ammonia) put into the estuary 
by the point sources.
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The conclusion of a net summer import of ammonia' by the marshes 
is in accord with the results of Cerco and Kuo (1979). Other research­
ers, notably Axelrad (1976), Valiela et al. (1978), and Woodwell et al. 
(1979) have found a net export of ammonia from marshes.
2) CBOD5
Examination of the net fluxes of CBOD,. shown in Table 5 suggests 
a predominance of marsh export over import. The average flux at Kings 
Creek is strongly biased by the extreme value noted in the survey of 
7/23 - 7/24. Discounting this value, the average Kings Creek flux is 
-0.997 + 2.282 kg/ha/day and the average flux of both marshes is 
-1.162 + 1.243 kg/ha/day.
The large import of CBOD,. on 7/23 - 7/24 at Kings Creek could 
have been caused by a phytoplankton bloom. A mass of phytoplankton 
transported from the estuary into Kings Creek by the tide would result 
in high concentrations of organic matter and a corresponding high oxygen 
demand. This hypothesis of an algal bloom is supported by Zubkoff 
(pers. comm., 1980), who observed a phytoplankton bloom in the York 
River near Kings Creek on 7/19/78 and by chlorophyll data from the 
survey. The average of four composite chlorophyll MaM samples taken 
during the 7/23 - 7/24 survey was 55 pg/£, versus concentrations of 
15, 23, and 35 pg/& on the other sampling dates. Observed dissolved 
oxygen levels were as high as 13.6 mg/5,, which is above the saturation 
concentration of 'W mg/5, and indicates the high photosynthetic activity 
associated with blooms. These factors lend credence to the thesis of 
extreme CBOD,- concentrations caused by an algal bloom.
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Discounting the survey of 7/23 - 7/24, the results of this 
study suggest net export of CBOD,. from fresh and mesohaline marshes 
in summer. This conclusion is in accord with the findings of Jensen 
and Tyrawski (1979) who estimated the average summet net BOD^ marsh 
flux to be an export of 3.1 kg/ha/day.
3) Total Kjeldahl Nitrogen
No predominant import or export of TKN was noted. It is 
plausible, however, that part of the ammonia import is transformed 
within the marsh and exported as organic nitrogen, thereby contribu­
ting nitrogenous biochemical oxygen demand to the estuary. The imported 
ammonia above the amount contributed to the York by the point sources 
may have come from organic nitrogen exported from the marshes and 
mineralized in the estuary. This hypothesis of organic nitrogen 
export corresponds to the findings of Cerco and Kuo (1979), Heinle 
and Flemer (1976), Axelrad et al. (1976), and Valiela et al. (1978).
C. Management Implications
The results in Table 7 show the importance of marsh fluxes 
compared to point source inputs in two different estuarine systems.
The York River marshes have the potential to export or import quanti­
ties of oxygen demanding materials in excess of the point source 
inputs. Thus, if the point sources are removed, CBOD and NBOD in­
puts into the estuary might remain. The potential magnitude of the 
marsh exchanges suggests that marshes may be a controlling factor in 
the water quality of the estuary. In the James River, the point
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source inputs are greater than the marsh exchanges, so the marshes 
have a lesser effect on water quality. Thus, in some estuaries, 
reduction of point source inputs may not have a large effect on 
water quality. Marsh fluxes should be examined in any management 
plan.
The importance of marsh fluxes in an estuary depends on the 
volume of water in the estuary, the adjacent marsh area, and the 
magnitude of the point sources. In the James River estuary, which 
has a large volume and high point source loading, the marsh exchanges 
have little effect on water quality. In the York estuary, with about 
half the volume of the James, and lower point source loading, the 
marshes may have a larger effect on water quality.
A combination of small estuary volume, large marsh area, and 
small point source inputs would result in the marshes having an even 
greater effect on water quality than in the York estuary. One such 
estuary is the Nansemond River. A comparison of the York, James, and 
Nansemond Rivers - volume, marsh area, and point source inputs - is 
given in Table 8. The potential contribution of CBOD,., NH^, and TKN 
from the marshes versus the point source inputs for the Nansemond 
River is given in Table 9. The potential range of marsh CBOD^ im­
ports or exports far exceeds the point source inputs. This is true 
as well for the fluxes of ammonia and TKN.
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TABLE 8
COMPARISON OF WATER VOLUME, MARSH AREA, AND POINT SOURCE 
INPUTS AMONG THREE ESTUARIES
York
River
James
River
Nansemond
River
Volume (m^) 1.055 x 109 2.812 x 109 8.401 x 107
Total Marsh Area 9,707 12,594 11,000
Reported Point Source Inputs
CBOD,. (kg/day) 2400 49415 584
NH^ (kg/day) 263 7930 57
TKN (kg/day) 370 9772 105
Data from Cronin (1971)
Data from Bamhard (1975), Moore (1975), Moore (1976), 
Silberhom (1974)
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D. Calibration of Water Quality Models
Water quality models are used to simulate the reactions influ­
encing the levels of dissolved oxygen and nutrients in estuaries.
These models require calibration of parameters which cannot be 
directly measured. One of these calibration parameters is marsh flux.
The ranges of marsh exchanges found in this study provide the modeller 
with guidelines for the magnitude of this calibration parameter. This 
is of special importance in modelling water quality in estuaries which 
have large areas of marshes.
E. Error Analysis and Implications
It is of interest to investigate the sources of errors in this
study and their importance. The error in mass flux is composed of a
2 2 2 2
function involving the sum of terms Q and c (expressed in 
equation (VII.7)). A comparison of the magnitude of the two terms is 
presented in Table 10. From this table, it is apparent that the dis­
charge uncertainty is the largest contributor to the overall uncer­
tainty in mass flux although the concentration uncertainty is a large
i
source of error in the ammonia fluxes.
Thus, the CBOD^, NH^, and TKN net mass flux uncertainties may 
be reduced by a reduction of the discharge uncertainty. The ammonia net 
mass flux uncertainty may be further reduced by increasing the laboratory 
precision.
The errors encountered in this study suggest a reexamination of 
the results of other tidal marsh net flux studies. Performance of a
TABLE 10
RELATIVE MAGNITUDE OF THE TERMS IN EQUATION (VII.8)
Parameter
CBOD,
NH,
TKN
Site Date
A
S(c2aQ}
3rmg m \ 
' ser
B
z(Q202)f^ ^  1
c  ^ sec
Ratio
B:A
Kings 7/11/78 31.7 o 0.88 1:36.0
Creek 7/23/78 1.32 X 103 9.31 1:14.28/3/78 3.68 X io3 78.9 1:46.6
9/14/78 13.5 8.29 x 10 1:163
Glebe
Gut
6/14/78
7/23/78
8/23/78
3.29
2.72
1.02
X
X
X
10l2 1.94 x 10"* 
2.78 x 10  ^
7.02 x 10
1:170
1:9800
1:1450
Mean = 1:191
Kings 7/23/78 8.52 X io"2 1.73 x 10 1:4.9
Creek 8/3/78
9/14/78
9.19
2.43 X io-2
6.69
4.30 x 10
1:1.37
1:5.65
Glebe
Gut
7/23/78
8/3/78
4.96
1.26
X
X
10-410
1.46 x 10"2 
2.51 x 10
1:339
1:50.2
Mean = 1:14.5
Kings 7/23/78 22.4 0.89 1:25.2
Creek 8/3/78 83.9 12.0 1:7.0
9/14/78 1 1.04 3.60 x 10 1:28.9
Glebe
Gut
7/23/78
8/3/78
4.00
6.36
X
X
-3 
10 ^
10
2.30 x 10"  ^
2.47 x 10
1:1740
1:257
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rigorous error analysis on the flux studies mentioned in the literature 
review might change some of the results or their interpretation.
concentration measurement were taken in the channel, the spatial and 
temporal errors may be significant. Boon (1978) found the measurement 
of velocity at one point in the center of a tidal marsh channel to 
result in a relative error of 12.4%. One concentration measurement 
taken at mid-depth resulted in a 16% relative error. These errors in 
velocity may be combined by means of Boon’s (1978) expression:
resulting in E q ^  = 0»20. This error in mass flux of 20% may be 
larger than the difference in the measured fluxes. This calculation 
does not include temporal measurement errors or lab errors which will 
result in additional uncertainty in the net flux measurement.
In the studies in which only one velocity measurement and one
where Eq = the relative discharge error
Eu. = the relative velocity measurement error = 0.124 i .
Ec. = the relative concentration measurement error =
1 0.16l
CHAPTER X
SUMMARY AND CONCLUSIONS
The effect of tidal marsh fluxes on water quality has been 
investigated through field measurements of CBOD^., and TKN,
and through use of a model relating marsh water volume to tidal 
height. Three methods of determining marsh water volume as a function 
of tidal height were developed, and the one which best predicted the 
actual discharge was chosen to compute the marsh nutrient fluxes.
The best method was a stage-volume relationship derived from current 
meter measurements.
The uncertainty associated with the measurement of net fluxes 
was studied. Measurement error and precision error associated with 
the discharge measurements were considered along with spatial, temporal 
and laboratory concentration errors. The largest errors, discharge 
precision error and laboratory concentration error, were used to 
quantify the net flux error. The error in the net fluxes was reported 
as plus or minus one standard deviation.
Net fluxes and errors were reported for four sampling periods 
at Kings Creek and three at Glebe Gut. The net fluxes were expressed 
on an areal basis and utilized to estimate flux from all marshes for 
each estuary. The range of possible marsh exchange was reported as 
the net flux plus or minus one standard deviation. The marsh fluxes 
showed an import of ammonia, an export of CBOD^, and no predominant 
export or import of TKN.
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The potential marsh fluxes were compared to the point source 
inputs in both estuaries. The point source inputs were larger than 
the potential marsh exchanges in the James River. The potential marsh 
exchanges were larger than the point sources in the York River. From 
these results it is concluded that in estuaries with large marsh area, 
small water volume, and small point source inputs, the marshes have a 
significant effect on water quality.
The fluxes measured in this study are useful in the calibration 
of water quality models when the magnitude of inputs from marshes are 
needed as mddel inputs. The net mass flux ranges reported in this 
study may be taken as limits on the adjustment of the marsh input 
calibration parameter.
The errors inherent in tidal marsh net flux studies have been 
analyzed and shown to be large, often larger than the measurements.
The error analyses of this study should be considered when interpre­
ting the results of flux studies in which no error analyses are 
reported.
CHAPTER XI
RECOMMENDATIONS
Kings Creek and Glebe Gut are marshes of two distinct salinity 
regimes. In the analysis of this study, the fluxes appeared to have 
different characteristics. This could not be verified with data from 
just these two marshes. It would be valuable to study freshwater and 
mesohaline marshes in the same estuary in an attempt to discern the 
differences between them.
It would also be of value to determine the effect of tidal range 
on mass flux. The fluxes measured during a tidal cycle when only the 
channel is filled should be compared to the fluxes which occur during 
a cycle when the whole marsh is flooded. Large material exports may 
occur when the whole marsh is flooded, especially after a series of 
cycles during which only the channel is filled. During the cycles in 
which the marsh above bankfull is not flooded, organic matter accumu­
lates. This detritus is flushed dut when the tide surpasses the 
bankfull stage.
Large exports of materials from marshes may occur during storms. 
Heavy showers which occurred during part of the August 3-4, 1978 
sampling did not produce any noticeable effect in the observed fluxes. 
The heaviest rain occurred near high tide, however, when the channel 
banks were not exposed. If the storm had occurred at low tide, the
101
102
inter-tidal zone would have been exposed and more nutrients would have 
washed into the creek. It would be useful to have more data on the 
effect of storms on marsh exports.
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7 1 I  78 9 0 0 0 -  9 05 7 . 3 0 5 * 5 4 5 0 . 6  5 0 . 0  12
71176 1 0 0 0 1 . 0 8 7 7 . 9 5 7 . 3 7 1 1 . 0 0 0 . 0 2 1
7 1 1 7 8 1 100 1 * 1 8  0 7 . 7  5 8 . 1 2 2 4 . 8 9 0 . 0 3 5
71 17 8 12 00 1 .4-45 6 . 1 0 1 2 . 0 8  6 4 . 8 1 0 . 0 0 9
7 1 1 7 6 13 00 1 .  5 42 6 . 4 0 1 2 . 7 4 6 4 . 6 1 0 .  0 1 2
7 1 1 7 8 1 4 0 0 1 . 6 7 3 3 . 3 0 1 4 . 6 3 4 4 . 9  7 0 . 0 1 3
7 1 1 7 8 1 500 1 . 6 3  1 4 . 7 5 1 4 . 5 6 0 5 ,  22 0 . 0  08
7 1 1 7 8 1 60 0 1 . 4 9 0 6 . 1 5 1 2 . 9 6 0 4 .  77 0 .  0 0 9
7 1 1 7  8 1 7 0 0 1 . 3 6 2 6 .  0 0 11 . 3 6 8 4 .  75 0 . 0 0 7
71 i  7 6 1 8 0 0 1 . 2 2 2 7 . 7  0 8 . 3 6 5 4 . 0 0 0 . 0 0 8
71 1 7 8 19 00 1 .  0 8 8 6 . 1 0 6 .  89 5 3 .  39 0 . 0 1 6
71 1 7 8 2 0 0 0 0 .  96  8 6 . 2 0 5 . 6 1 9 2 .  45 0 .  0 2 0
71 178 2 1 0 0 0 .  9 8 8 8 .  10 6 . 1 4 2 2 . 6 7 0 . 0 2  3
7 1 1 7 8 2 2 0 0 1.  0 1 2 7 .  60 5 . 6 1 9 2 . 0 2 0 . 0 1 8
7 1 1  78 2 30 0 1 . 1 3 1 7 . 6 5 11 . 0 7 7 1 . 3 9 1 . 0  11
7 1 2 7 8 0 1 . 3  14 8 . 0  5 1 0 . 5  42 * 0 4 0 . 0  06
7 12  78 100 1 . 4  75 5 . 6 0 1 1 . 5 1 9 2 . 9 8 0 . 0 0  9
7 1 2 7 8 2 00 1 . 5 7 0 6 . 0 0 1 2 . 7 0  1 3 .  20 0 . 0 0 5
7 1 2 7 8 3 00 1 . 6 0 0 4 . 5 0 1 3 . 5 8 0 3 .  33 0 . 0 1 1
7 1 2 7 8 A 00 1 .  52 1 6 . 05 1 2 . 4 6 9 3 .  9 4 0 . 0 1 3
7 1 2  78 5 0 0 1 . 3 9  6 , 7 . 5 0 1 1 . 2 5 5 1 . 6 0 0 .  0 8 9
7 12 78 6 0 0 1 .  23  1 8 . 0 0 8 . 5 8 1 1 .  22 0 .  0 0 9
7 12 78 70 0 1.  0 8 5 8 . 1 0 8 .1 26 1 .12 0 . 0  32
7 1 2 7 8 8 00 0 . 9 9 1 a .20 5 . 2 8 8 1 . 3 3 0 . 0 6 0
7 1 2 7 8 9 0 0 0 . 9 7 6 6 . 4 0 8 . 2 3  5 1 . 5 3 0 .  0 2 4
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K IN G S CR EE < 7 / 2 3 - 7 / 2 4 / 7 8 CONOENTRATI OMS
DATE T I ME HE I GHT CBG D5 NH3 TKN D!
( E D I } { H ) { MG /  L ) ( M G / L J ( M G / L ) (MG
72 3 7 8 13 10 1 .  65 2 1 9 . 1 0 0 . 0 5 0 0 . 7 9  2 6 . 5 7
7 2 37 8 14 10 1 * 5 7 3 4 . 80 0 . 0 5 9 0 . 7  60 7 .  14
7 2 3 7 8 1 5 1 0 1* 4 0 5 1 0 . 6 0 0 .  0 4 0 0 .  3 0 8 1 0 .  23
7 23 78 1 6 1 0 1.  2 0 4 1 2 . 0 0 0 . 0 4 1 0 .  3 75 1 1 . 2 8
7 2 3  7 8 I  7 1 0 0 . 9 8 1 1 2 . 8 0 0 . 1 8 1 0 . 9 5 8 1 1 . 6 0
7 2 3 7 8 1 8 1 0 0*  8 0 2 6 .  9 0 0 .  0 8 4 0 . 4 3  3 12  . 7 3
72 37  8 1 9 1 0 0 , 7 0 1 9 . 9 0 0 . 0 2 3 0 . 3 7 5 13 .  5 8
72 37  8 2 0 1 0 0 .  7 1 3 9 . 3 0 0 .  18 1 1 .  3 9 2 1 1 . 4 3
7 2 3 7 8 21 10 0 . 8 4  4
oo. 0 . 0 9 6 0 .  83  3 1 0 . 8 9
72 3 7 8 2 2  10 1 * Qd 8 1 5 . 3 0 0 . 0  45 0 .  4 2 5 8 .  23
7 23 7 8 2 3 1 0 1 * 3 3  8 9 . 2  0 0 . 0 1 3 0 . 5  58 3 . 6 5
7 2 4 7 8 10 1.  5 3 3 3 . 0 0 0 • 0 14 0 . 5 9 2 7 . 6  8
7 2 4  78 110 1 . 6  25 4 . 3 0 0 . 0 0 1 1 . 8 2 5 5 . 0 6
7 2 4 7 8 2 1 0 1 . 5 4 2 4 . 5 0 0 . 0 2  4 0 .  7 0 0 4 . 5 5
7 2 4 7  8 3 1 0 1 . 4 6 3 4 . 6 0 0 .  15 1 0 .  97 0 3 . 9 6
7 2 4 7 8 4 10 1 . 2 7  7 5 * 8 0 0 . 0 1 5 1 .  05 5 3 .  40
7 2 4 7 8 5 1 0 1 .  05 5 1 5 . 4 0 0 . 0 3 4 1 .  192 2 . 8 3
72 4 7 8 6 10 0 .  86 3 1 3 . 7 0 0 . 0  55 0 .  4 7 5 2 .  56
7 24 78 7 1 0 0 .  73 5 8 . 3 0 0 , 0 4 5 1 .  4 0 8 2 .  32
7 24 78 8 1 0 0 • 6 8 8 8 . 8 0 0 . 0 9 8 1 . 3 4 5 1 . 8 8
7 2 4 7 8 9 1 0 0 . 7  86 8 . 7 0 0 . 0 5 8 1 . 7 9 2 3 . 9 8
7 2 4 7 8 1 0 1 0 0 . 9 7 2 2 4 . 2 0 0 .  04 4 0 . 6 0 8 7 . 4 1
72 47  8 1 1 1 0 1 . 2 3 7 17 . 3 0 0 . 2 5 2 0 .  4 2 9 1 0 . 7 6
7 2 4 7 8 12 10 1 • 49 4 1 0 . 8 0 0 .  0 8 9 1.  3 2 5 1 0 .  18
7 2 4 7 8 1 3 1 0 '1 .6  6 7 9 . 6 0 0 .  0 77 1 .  2 5 0 9 . 3 4
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K I N G S C K. BEK 6 /  3, -  8 / 4 / 7 8 CONCENTRATI ONS
DATE TIME HE I GHT CBGD5 NH3 TKN DD
( E O T) ( M i ( H G / L i ( M G / L ) ( M G / L ) { M(
b 0 37 8 10,10 1 . 5 6  7 8 . 6 0 0 . 0 3 2 1 .  7 5 8 5 . 2 7
6 u 3 7 8 1 1 1 0 1 . 5 2 1 3 . 00 0 . 0 3 1 1 . 0 8  3 5 .  39
b 0 3 7 8 12 10 1 . 3 6  1 5 . 69 0 . 0  08 0 . 6 0 0 3 .  16
t> 03  78 1 3 1 0 1 . 2 2 5 4 .  06 0 .  1 45 0 .  4  75 2 .  77
8 03  7o 1 4 1 0 1 . 0 3 9 4 . 6 0 0 . 1 9 4 0 . 8 0 0 2 . 5 9
8 0 3  7 b 15 10 0 . 9 0 2 4 . 3  1 0 • 28 7 0 .  7 5 0 3 . 0 4
80 37  8 16 10 0 .  83 5 5 . 2 0 0 .  3 5 1 0 .  7 2 5 3 . 7 0
8 0 3 7 8 1 7 1 0 0 *  89 3 4 . 5 5 0 . 5 1  5 0 . 9 5 0 3 . 5 0
8 0 3 ^ 8 18 10 1 .  02 7 5 . 4 8 0 . 4  39 1 . 0  00 3 .  55
8 03 78 i  9 1 0 1.  2 1 9 4  • 65 0 . 4 9 7 1 . 1 0 0 3 . 6  6
8 03  78 2 0 1 0 1.  3 72 4 . 4 5 0 . 3 6 4 1 . 0 7 5 3 . 4 2
8 0 3 7 8 2 110 1 . 5  30 3 .  3 0 0 . 3  83 0 .  8 2 5 2 . 9 8
8 0 3  7 8 2 2 1 0 1 . 6 0 0 3 . 7 0 0 .  4 0 4 0 . 9 5  0 3 . 7 0
80  37 8 2 3 1 0 1 . 5  54 3 . 2 5 0 . 3 5  7 0 .  72 5 3 . 1 9
8 0 4 7  8 10 1 . 4 6  6 3 .  90 0 .  3 9 5 0 .  7 0 0 4 . 4 5
8 0 4 7  8 11 0 1 • 33  8 4 . 0 5 0 .  1 62 0 .  4 7 5 3 . 3 2
8 04 78 2 1 0 1 * 1 83 3 . 9  9 0 . 1 4 7 0 .  7 0 0 3 .  5 7
8 04 78 31  0 1.  02 1 5 . 4 5 0 . 1 5 9 0 .  5 25 2 . 5  8
6 0 4  78 4 1 0 0 .  8 81 6 . 3 0 0 . 3 9 5 0 . 6 2 5 3 . 0  7
604  78 5 1 0 0 . 3  29 3 . 4  0 0 . 1 4 7 0 . 6 7 5 3 . 3 4
8 0 4 7 8 6 1 0 0 .  9 0 2 3 . 8 0 0 . 1 0 9 0 . 2 5 0 3 . 3 8
oO4  7 8 7 1 0 1 * 0 3  0 3 * 8 4 0 .  1 4 2 0 . 5 5 0 3 . 2 8
8 0 4  7 8 8 10 1 . 2 1 0 4 .  30 0 .  1 7 4 0 .  6 8 3 2 . 6 0
8C) 4 7 8 9 1 0 1 . 3  90 5 . 2 8 0 . 1 4 9 0 . 9 7  5 2 . 3  3
80 4 f  8 1 0 1 0 1 . 5 1 5 5 . 6 5 0 .  0 4 3 0 . 4 0 0 2 . 5 2
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K I N G S  CREEK 9 / 1 4 - 9 / 1 5 / 7 8
DATE T I M E HE IGHT C B 00  5 N H 3
{ E D I ) (M) { M G / L )
9 1 4 7 8 14 15 1 . 1 1 6 5 . 1 5 0 .
9 1 4 7 8 1 5 1 5 1.  1 5 8 3 . 9 0 0*
9 14 78 1 61 5 1 . 3 05 4 • o 0 0.
9 1 4 7 8 1 7 1 5 1 . 5 1 2 4 . 5 0 0.
9 1 4 7  d 1 8 1 5 1 .  731 4 . 2  0 0 .
5 1 4  7 8 1 9 1 5 1 . 9 2 0 4 . 1 0 0 .
91 47 8 20 15 2 . 05 7 4 .  00 0.
5 1 4 7  8 2 115 2 . 06 0 4 . 5 0 0.
9 14 78 2 2 1 5 1 . 9 2 3 5 . 7 0 0.
9 1 4 7 8 2 3 1 5 1.  7 3 4 3 . 9 5 0.
9 15 78 15 1 . 4  81 4 . 1 0 0.
5 1 5 7 8 1 L 5 1 - 2 4 4 4 . 5 0 0.
91 57 6 2 15 1 . 0 7  3 4 .  18 0.
CONCENTRATIONS
T KM 
( M G / D
3D
(MG/L. )
0 .  9 7 9  
1 . 0 2 5  
1 . 0 7 5  
0 . 8 5 0
0 . 90 0 
0 .  90 0 
0 . 4 7  1 
0 . 4 7 5
0 .  8 4 5  
1 . 2 2 5
1 . 2 3 0  
1 . 2 4 6
1 .  16 0
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GLEBE GUT 6 / 1 4 - 0 / 1 5 / 7 8 CONCENTRATI ONS
DATE I  I  ME HE1 GHT CB0D5 DO
{ E D I ) { METERS) ( M G / L ) ( M G / L )
6  1 4 7  8 1 3 3 0 1 *2  19 3 . 1 0 6 . 4 3
6 1 4  7 8 1 4 3 0 1 . 2 7 7 2 .  OG 9 . 1 1
6 1 4 7 8 15 30 1 . 3 9 9 1 . 8 9 9 . 5 5
6 1 4  7b 16 3 0 1.  5 2 4 1 . 7 7 9 . 7 5
6 14 7 8 1 7 3 0 .1« 64 9 1 . 8 0 1 0 . 0 0
6 14 78 1 8 3 0 1 . 6 9 5 1 . 1 0 9 . 2 1
6 14 78 1 93 0 1 . 7 0 7 0 . 9 5 9 .  05
6 1 4  7 8 2 0 3 0 1 • 8 6 4 1 . 4  0 9 . 1 5
6 1 4 7  8 2 1 3 0 1 . 5 3 9 1 . 9  5 8 . 8 9
6 1 4 7 8 2 2 3 0 1 . 4 0 8 1 .  75 7 . 9 4
61.4 7 8 2 3  30 1 . 2 5 6 1 . 8 0 7 . 3 2
6 1 5  7 8 30 1 . 1 8  9 2 . 2 0 6 . 6 3
6 1 5 7 8 1 3 0 1. 16 1 3 .  05 6 . 6 5
6 16 78 2 3  0 1 . 3 0 0 3 . 0 5 5 . 4 7
6 1 5  78 3 3 0 1 . 4 1 7 1 .  5 0 7 .  52
6 1 5 7 8 43  0 1.  5 2 4 1 . 2 5 7 . 6 0
6 15 78 5 3 0 1 .  5 85 1 . 0 0 7 . 5 2
6 1 5 7 8 6 30 1 . 5 7 0 1 . 1 5 7 . 5  8
6 1 5 7  8 7 3 0 1 . 50 9 1.  00 7 . 4 2
6 1 5  78 8 3 0 1 . 3 8 7 1 .  15 7 . 3 2
6 15 78 53 0 1.  2 74 1 . 3 0 7 .  00
6 1 5  78 1 0 3 0 1 . 2 0 1 1 . 6 5 6 . 2 7
Ill
GL EBE GUT 7 / 2  3 - 7 / 2 4 / 7  8 CONCENTRATI ONS
DATE T I ME' HE IGHT ( M) CBOD5 N H 3 TKN DO
( E O T ) METERS ( M G / L ) ( M G / L )  ( M G / L ) (M3
72 37 8 i  0 5 0 1 , 1 8 6 1 . 3 0 0 . 1 1 3 1 . 3 8 3 2 . 4 2
7 2 3 7 8 1 150 1 , 4 1 1 1 . 7 0 0 .  02 2 0 .  27 5 7 . 2 9
72 37 b 12 50 1 , 6 0 6 1 . 7 0 0 . 0 7 9 0 . 2 0  0 9 . 0 9
7 2 3  7 8 13 50 1,  71 6 1 . 60 0 . 0  25 0 .  4 2 5 8 .  56
7 2 3 7 8 1 4 5 0 1.  7 6 3 1 . 3 0 0 . 0 8 3 0 . 2 0 0 8 . 0 9
7 2 3  78 1 5 5 0 1 , 8  04 0 . 9  0 0 . 0 2 3 0 . 3  25 7 . 6 2
7 2 3 7 8 1 6 5 0 1 .  7 4 0 1 . 2  0 0 . 0 0 9 0 . 2  75 8 . 0 0
7 23  78 1 7 50 1 , 6 3 7 2 . 0  0 0 . 0 2  0 0 . 3 0  0 8 . 1 4
72 3 7  8 18 50 1 . 5 0 0 5 . 5 0 0 .  0 6 9 0 . 4 2  5 7 . 4 3
72 b 7 8 1 9 5 0 1 . 3 0 8 1 . 2 0 0 .  2 0 4 0 . 52 5 5 .  76
7 2 3 7 8 2 0 5 0 1 . 2 0 4 2 . 1 0 0 .  12 5 0 . 6 2 5 4 . 6 1
7 2 3 7 8 2 1 5 0 1.  16 7 1 .  20 0 . 1 1 1 0 • 3 68 5 .  92
7 23 78 2 2 5 0 1 .  1 67 1 . 10 0 .  1 89 0 . 5 5 0 5 .  49
7 23 78 2 35  0 i  . 3  59 1 . 2 0 0 . 0 7 8 0 . 3 0 0 5 . 2 7
7 2 4 7 6 50 1 .  5 73 1 . 2 0 0 . 1 1 0 0 . 4 2 5 6 .  06
7 2 4 7  8 1 50 1 . 6 9  5 1 . 2 0 0 .  04 1 0 .  42  5 5 , 7 6
7 2 4 7 8 2 50 1 .  77 1 1 . 8 0 0 . 0 3  2 0 • 42 5 6 , 1 8
7 2 4 7 8 3 50 1 .  80 7 2 . 3 0 0 . 0 3 2 0 .  2 5 0 5 .  76
7 24  78 4 5 0 1 . 7 6 5 8 .  50 0 . 1 2 2 0 . 3 7 5 5 . 5 8
7 2 4 7 8 5 5 0 1 . 6  73 0 . 9 0 0 . 0 7 9 0 . 5  50 S • 0 6
7 2 4 7 8 6 5 0 1 . 5 4 5 , 0 . 8 0 0 . 0 5 5 0 , 2 7 5 3 . 9 8
7 2 4 7 8 75 0 1 . 3 6 9 1 . 2 0 0 .  122 0 . 2 5  0 3 . 2 3
72 47  6 8 50 1 . 2  25 1 . 6 0 G.  1 53 0 . 4 5 0 3 . 0 5
7 2 4 7 8 9 5 0 1.  1 77 1 .  50 0 .  0 6 6 0 .  4 5 0 3 . 0 7
7 2 4 7 8 1 0  50 1.  1 5 5 1 .  50 0 * 0  64 0 . 5 7 5 3 . 7 4
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GLEBE GUT 8 / 3  -  8 / 4 / 7 8 CGNCENTRAT IONS
DATE I I  ME HE IGH T ( M) C 8 0 D 5 NH3 TKN DO
( E D T ) METERS ( M G / L ) ( M G / L }  ( M G / L ) ( MG/ L )
b0.37 b 7 00 1 . 2 8 3 2 . 0 0 0 .  1 1 9 0 .  58  5 1 . 5 0
80 3 /  8 8 00 1 . 3 8 1 1 . 9 5 0 . 0 7 9 0 • 45 8 3  .  50
o u 3 7  6 9 0 0 1 .  54 2 1 . 8 0 0 .  0 8 7 0 .  5 7 5 4 .  69
8 C3 78 1 0 0  0 1.  66  1 1 .  70 0 . 0 62 0 .  8 00 4 .  34
8 03 78 1 100 1.  7 4 3 1 . 7 0 0 . 0  35 0 . 3 9 2 4 * 6 2
80 3 7 8 1 2 0 0 1 . 7 9 2 1 . 9 5 0 . 07 1 0 . 4 7 5 4 . 9  2
8 0 3 7 8 1 3 0 0 I .  777 1 * 5 0 0 . 0 5 8 0 . 4 2  5 4 . 3 2
8 0 3 7 8 14 00 1 * 7 0 4 2 . 0 5 0 . 0 5 2 0 * 3 8 5 4 .  72
80 37  8 15 00 1 .  59 1 1 . 7 0 0 .  0 53 0 . 45 3 4 . 6 0
8 03  7 8 1 6 0 0 1 . 4 4 2 1 . 8 5 0 . 0 7 5 0 . 5 5 6 4 .  20
80  37 8 17 00 1.  26 8 2 . 6 5 0 .  1 07 0 .  7 58 3 . 3  0
8 0 3 7 8 1 8 0 0 1.  1 9 8 2 . 3 0 0 . 0  84 0 . 6 3 5 2 . 8 0
8 0 3  78 1 9 0 0 1. 2 8 9 3 . 5 0 0 .1 16 0 . 7  25 3 • 6 6
80 3 78 2 0 0 0 1 , 3  78 2 . 6 0 0 . 0 8 8 0 . 6 3 9 3 . 7 6
80 37  8 2 100 1 .  53 0 2 . 7 2 0 . 0 7 3 0 . 6 7 5 5 . 0 0
8 0 3 7 b 2 2 0 0 1 . 6 5 5 1 . 9  5 0 . 0 8  2 0 .  55 8 5 . 6 0
8 0 3 7 8 2 3 0 0 1 .  74 3 2 . 4 5 0 .  1 0 4 0 . 6 2  5 5 . 6 0
8 0 4 7  8 0 1 . 8 0  1 1 . 8 5 0 . 0 8 7 0 . 5 1 5 4 .  80
8 0 4 7 8 100 1 .  8 0 4 1 • 65 0 .  i  45 0 .  4 7 5 4 .  5 8
8 04 /8 2 0 0 1. 7 5 3 1 .  6.5 0 . 0 9 0 0 . 6 5 8 3 . 5 2
804  78 3 0 0 1 . 6  67 2 . 8 0 0 .1  22 0 . 7  25 1 . 8 4
8 0 4 7 8 4 0 0 1 . 5 4 0 2 , 2  8 0 . 0 8 1 0 .  5 92 1 . 7 6
8 0 4  7 8 5 0 0 i  . 3 84 2 . 9 5 0 .  08 9 0 .  3 9 5 1 . 5 6
8 0 4 7  8 6 0 0 1 . 2 5  3 2 . 6 0 0 .  L 82 0 .  29 2 1 . 6 6
8 04  7 8 7 0 0 1 .  20 4 2 . 90. 0 .  1 02 0 .  7 2 5 1.  52
APPENDIX B
K I NGS CREEK 7 / 1 1  -  7 / 1 2 / 7 6  HOURLY MASS FLUXES
DATE T I ME  V OLU M ET R I C  CBOD5 S A L • 00  N I T R A T E
( E O T )  FLUX { K G . ) ( K G . )  ( K G . )  ( K G . )
711  76 9 GO 0 . 7 0 E 0 4 5 1 . 1 0 0 . 3 8 8 E 0 5 4 . 5  5 0 .  0 8 4
7 1 17 6 10 00 0 . 9 9 E 0 4 7 8 . 7 0 0 .  7 3 0 E 05 9 . 9  0 0 . 2  08
7 1 1 7  6 1 1 0 0 0 . 2 6 E 0 5 19 9 .  17 0 .  2 0 9  E 06 12 5 . 6 7 0 . 9 2 5
7 1 1 7 8 1 2 0  0 O'. 2 7 E 0 5 1 6 4 . 0 9 0 . 3  25E 06 12 9 . 3 9 0 . 2 4 2
71 1 78 1 3 0 0 0 .  29  E 05 1 8 6 . 8  8 0 . 3 7 2 E 06 1 3 4 . 6 1 0 .  3 5 0
71 1 7 6 1 4 0 0 0 .  H E 05 3 6 .  9 6 0 .  16 4  E 0 6 5 5 . 6 6 0 . 1 4 6
711  78 15 00 - 0 . 2 2  e 05 - 1 0 5 . 9 2 — 0 . 3 2 5 £ 0 6 - 1 1 6 . 4 1 - 0 . 1 7 8
711 78 16 GO - 0 . 3  OE 0 5 - 1 8 2 . 6 5 - 0 . 3 8 5 E 06 - 1 4 1 . 6 7 - 0 . 2 6 7
711 78 1 7 0 0 — 0 . 2  0 E 05 —1 2 0 .  60 - 0 . 2 2  BE 0 6 —95 . 4  I - 0 . 1 4 1
7 1 1 7 6 1 8 0 0 - 0 . 1 8  E 05 - 1 4 0 . 1 4 - 0 . 152E 06 - 7 2 . 8 0 - 0 . 1 4 6
71 17 6 1 9 0  0 - 0 . IDE 0 5 - 8 4 . 2 4 - 0 . 7  17E 05 —3 5 . 2 6 —0 . 1 6 6
7 1 1 7 8 2 0 0 0 — 0 .  2 5 E 0 4 - 1 5 . 5 0 - 0 . 1 4 GE 0 5 - 6 . 1 2 - 0 . 0 5  0
711 78 21 00 0 .  L 2 E 0 4 9 . 7 2 0 . 7 3 7 E 04 3 . 2 0 0 .  0 28
7 117 8 2 2 0 0 0 . 5  4 E 0 4 4 1 .  04 0 • 3 0 3 E 05 1 0 , 9 1 0 .  0 9 7
71 1 7 6 2 3 0  0 0 .  1 2 E 05 9 4 .  09 0 . 1 3 6 E 06 1 7 . 1 0 0 . 1  35
71 27 8 0 0 . 2 7 E 05 2 2 0 . 5 7 0 . 2  89E 06 8 3 . 3 0 0 .  1 6 4
7 1 2 7 8 10 0 0 . 2 6 E 05 1 4 3 . 3  6 0 . 2 9 5 E 0 6 7 6 . 2 9 0 .  23  0
7 12 76 2 00 0 .  13E 0 5 7 5 . 6 0 0 .  16 0 E 0 6 4 0 . 3  2 0 • 0 6 3
7 1 2 7 8 3 0 0 - 0 . 4 3  E 0 4 , - 1 9 . 3 5 - 0 . 5 8  4  E 0 5 - 1 4 . 3  2 - 0 . 0 4 7
7 1 2  78 4 00 — 0 • 2 3 E 0 5 - 1 4 0 . 9 6 - 0 . 2 9 1 E 06 - 9 1  . 8 0 - 0 . 3  03
7 1 2 7 8 5 0 0 - 0 . 2 4 E 0 5 - 1 8  0 .  00 - 0 . 2  70E 06 - 4 3  . 2 0 - 2 . 1 3 3
71 2 7 8 60  0 - Q . 2 0 E 05 - 1 5 7 . 6 0 — 0 .  1 6 9 E 0 6 - 2  4 . 0 3 - 0 .  17 7
7 1 2 7 8 70 0 - 0 . 9 3 E 0 4 -  7 5 .  3 3 - 0 . 5 7 0 E 05 - 1 0 . 4 2 - 0 .  2 9 8
7 1 2 7 8 8 0 0 - 0 .  38E 0 4 - 3 1 . 1 6 - 0 . 2 0  I E 0 5 - 5  . 0  5 - 0 . 2 2 8
712 78 9 0 0 - 0 . 6 6 E 0 4 — 4 £. . 2 4 - 0 .  54 4  E 0 5 - 1 0  . 7 6 - 0 . 1 5 8
NE T FLUX 0 . 2  0E 0 3 5 . 5 9 0 . 3 8 5 E 0 4 23 . 5 9 - 1 . 6  23
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KINGS CREEK 7 / 2 3  -  7 / 2 4 / 7 6  HOURLY MASS FLUXES
DATE T I M E  VOLUMETRIC C B 00  5 MH.3 TKN
( E O T )  E L U X ( M * * 3 1  { K G . )  ( K G . )  i  K G . )
7 2 3 7 6 13 10 — 0 . 5  6 b 0 4 - 1 0 6 . 9 6 - 0 . 2 8 0
7 2 3 7 8 1 4 1 0 -  0 . 3 3 £ 05 - 1 6 0 . 3 2 - 1 . 9  71
72 37 8 1 5 1 0 — 0 .  3 0 E 0 5 - 3 1 8 . 0 0 - 1 . 2 0 0
7 2 3 7 8 1 6 1 0 - 0 . 2 4 E 05 - 2  88 . 0  0 -  0 . 9 8  4
7 23 78 .1710 - 0 .  12E 0 5 - 1 5 2 . 3 2 - 2 . 1 5 4
7 2 3 7 8 1 8 1 0 - 0 . 3  5 E 0 4 - 2 4 .  1 5 - 0 . 2 9 4
7 2 3 7 8 19 10 — 0 . 6  0 E 0 3 — 5 • 94 - 0 . 0 1 4
7 23  7 8 2 0 1 0 0 .  12E 0 4 1 1.  16 0 . 2 1 7
72 37 8 2 1 1 0 0 . 5 7 E 0 4 5 2 . 70 0 . 5  47
7 2 3 7  8 2 2  i  0 0 .  19E 05 2 9 3 . 7 6 0 . 8  64
7 2 3 7 8 2 3 1  0 0 • 37  E 05 3 4 1 . 3 2 0 . 4  82
7 2 4 7 8 10 0 . 3 1 E 05 91 . 8 0 0 . 4 2 8
7 24 78 1 10 0 .  99E 0 4 4 2 .  5 7 0 . 0 1 0
7 2 4  78 2 10 - 0 . 2  I E 0 5 - 9  5 . 4 0 - 0 . 5  0 9
7 2 4 7 8 3 10 - 0 . 3 2 E 0 5 - 1 4 8 . 5 8 - 4 . 8 7 7
7 2 4 7  8 4 1 0 - 0 . 2 7 E 05 - 1 5 3 . 7 0 - 0 . 3  97
72 4 7  6 5 1 0 - 0 . 1 7E 0 5 - 2 5  5 . 6 4 — 0 .  5 64
/2  47 8 61 0 - 0 . 57E 0 4 - 7 8 . 0 9 - 0 . 3  13
7 2 4 7 0 7 1 0 - 0 .  14E 04 - 1 1 . 6 2 - 0 . 0 6  3
7 2 4  78 8 10 G . 3 0 E 03 2 . 6 4 0 . 0 2  9
7 24 78 9 10 0 .  3 3 E 0 4 2 8 .  71 0 .  1 9 1
7 2 4 7 8 1 0 1 0 0 .  1 4 E 0 5 3 2 9 . 1 2 0 . 5 9 8
72 47  8 1 1 1 0 0 . 3 3 E 0 5 55 9 .  17 8 . 2 9 1
7 2 4 7 8 1 2 1 0 0 . 4 5 E 05 4 8 6 . 0 0 4 . 0 0 5
7 2 4  78 1 3 1 0 0 .  14 E 05 1 37 . 2 8 1 . 1 0 1
NET FLUX 0 .  4 0 E 03 5 97 .  5 1 3 . 1 4 4
- 4 . 4 4  
■2 5 .38 
- 9 . 2 4  
- 9 . 0 0  
-1 1 . 4 0  
- 1 . 5 2  
- 0.22 
1 . 6 7  
4 . 7 5  
8 .  16 
2 0 . 7 0  
1 8 .  12 
1 8 . 0 7  
-14  . 8 4  
■31 • 3.6 
•27  . 9 6  
■ 1 9 .  79 
- 2 . 7 1  
- I  . 9  7 
0 . 4 0  
5 . 9 1  
8 . 2 7  
1 4 . 1 1  
5 9 . 6 2
17.87
1 7 . 8 7
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K I N G S  CREEK 8 / 3  -  8 / 4 / 7 8  HOURLY MASS FLUXES
DATE T I M E  V O L U M ET R I C  C8GD5 NH 3 TKN
< £ D T ) F L U X ( M * * 3 J  ( K G . J ( K G . )  ( K G . )
8 0 3 7 8 1 0 1 0 —0 .  21 E 04 - 1 8 . 0 6 —0 . 0 6 7 -  3 .  69
8 0 3 7 8 1 1 1 0 - 0 . 22E 0 5 - 1 7 4 . 4 0 - 0 . 6 7  6 - 2 3  . 6 1
8 0 3 7 8 13 10 —0 *  25 E 05 - 1 4 0 . 5 4 - 0 .  19 8 - 1 4 . B2
8 0 3 7 8 1 3 1 0 - 0 . 2 0 E 0 5 - 8  2 . 8 2 - 2 . 9 5 8 — 9 . 6 9
80 37 8 1 4 1 0 - 0 .  H E 05 - 5 1 . 5 2 - 2 . 1 7 3 — 8 . 9 6
8 0 3 7 8 1 5 1 0 - 0 . 5 2 E 04 - 2 2 . 5 8 - 1  . 5 0 4 - 3 . 9 3
8 03 7 8 16 10 0 . 4 0 E 03 2 . 0 8 0 .  14 0 0 . 2 9
8 03 78 1 7 1 0 0 . 3 4 E 0 4 1 5 . 4 7 1 . 7 5 1 3 . 2  3
8 0 3 7 8 1 8 1 0 0 .  13  E 0 5 6 9  . 6 0 5 . 5 7  5 12 . 7  0
8 0 3 7  8 1 9 1 0 0 . 2 3 E 0 5 10 5 . 0 9 1 1 . 2 3 2 2 4 .  86
80 37  8 2 0 1 0 0 .  23E 05 1 0 0 .  12 8 .  1 90 2 4 .  19
80 37 8 2 1 1 0 0 .  2 5 E 05 8 1 . 1 8 9 . 4  22 2 0 . 2 9
8 0 3 7 8 2 2 1 0 — 0 .  9 7 E 04 -  35 . 8 9 - 3 . 9 1 9 - 9 . 2 1
803 78 23 10 - 0 . 5 2 E 0 4 - 1 6 . 9 0 - 1 .  8 5 6 - 3 . 7  7
8 0 4 7 6 10 - 0 . 2 0 E 05 - 7 8  . 7 6 - 7 . 9 7 9 - 1 4 . 1 4
8 0 4 7 8 1 10 - 0 . 2 0 E 0 5 - 8 2 . 6 2 - 3 . 3 0 5 - 9 . 6 9
80 47 8 2 1 0 - 0 .  17E 05 - 6 6 . 6 3 - 2 . 4  55 - 1 1 . 6 9
8 0 4 7 8 3 1 0 - 0 .  1* E 03. - 5 8 . 3 1 - 1  . 7 0 1 - 5  . 6 2
8 0 4 7 8 4 1 0 - 0 . 3 8 E 04. - 1 2 . 5 4 - 1 . 5 0 1 - 2 .  37
8 04  78 8 10 0 • 60E 0 3 2 . 0 4 0 . 08 8 0 . 4 0
8 04 78 6 10 0 . 45  E 04 17 . 10 0 . 4 9 0 1 . 1 2
8 04 7 6 7 1 0 0 .  10E 0 5 3 9 . 5 5 1 • 4 6  3 5 . 6 6
8 04  7 0 6 10 0 . 2 1  E 0 5 8 9 . 0 1 3 . 6 0 2 1 4 . 1 4
8 0 4 7  6 9 1 0 0 . 2 7 E 05 1 4 0 . 4 5 3 . 9 6 3 2 5 . 9 3
8 0 4 7  8 1 0 1 0 0 . 2 1  E 05 1 1 9 . 7 8 0 . 9 1 2 8 . 4 8
NET FLUX — 0 .  2 0 E 04 - 6 0 . 1 4 1 6 . 5 3 7 2 0 . 1 1
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KI NGS CREEK 9 / 1 4 -  -  9 / 1 5 / 7 8  HOURLY MASS FLUXES
DATE T I ME VOLUMETR I C C8 00 5 NH3 TKN
{ E D I ) FLUX < " 3  ) I KG.  ) { K G .  ) (KG .3
9 1 9 7 8 1 9 1 5 0 .  1 0 E 0 4 5 . 1 5 0 . 2 54 E 00 0 . 9 8
9 1 9 7 8 15 15 0 . 1 2 6 0 5 9 4 .  85 0 . 2 7 8 E 01 1 1 . 7 9
9 1 9 7 8 1 6 1 5 U . 2 5 E 05 1 1 2 . 7 0 0 . 4  65 E 01 2 6 . 3 4
9 1 9 7  8 1 7 1 5 0 .  98 E 05 2 1 5 . 5 5 0 . 6 3 7  E 01 4 0 . 7 1
9 1 9 7 8 1 8 1 5 0 . 6 1  E 05 2 5 7  . 0 4 0 . 4 1 0  E 0 1 5 5 . 0 8
9 19 78 19 15 0 • 6 6 E 05 2 7 1 . 0 3 0 . 172E 0 2 5 9 . 6  7
9 1 9 7 8 2 0 1 5 0 .  3 6 E 0 5 1 4 4  . 0 0 G . 2 3 4 E 0 1 1 6 . 9 6
9 1 9  7 8 2 1 1 3 — 0 . 3  5 £ 0 5 - 1 5  5 .  70 - 0 .  1 H E 0 1 —1 6 . 4 3
9 1 9 7  6 22 15 — 0 * 6 5 E 05 - 3 7 2 . 7 8 - 0 . 4 2 5 E 01 - 5  5 . 2 6
91 97  8 2 31 5 - 0 . 6 6 E 05 - 2  5 9 . 5 1 - 0  . 6 4 4  E 01 - 8 0 . 4 8
91 5 7 8 1 5 —0 • 5 3 E 05 - 2 1 7 . 3 0 - 0 . 5 4  I E 01 - 6 5 .  19
9 1 5 7 8 1 15 —0 . 26E 0 5 - 1 1 4 . 7 5 — 0 * 4 7 4  E 01 - 3 1 . 7 7
9 1 5 7 6 2 1 5 - 0 . 3 I E 0 9 - 1 2 . 9 6 - 0 . 5 9 9 E 0 0 — 3 . 6 0
Nfc I FLUX 0 . 1 1 E 0 4 -B 1 . 86 1 5 . 2 2 4 - 4 1  . 2 1 4
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GLEBE GUT 6 / 1 4 - 6 / 1 5 / 7 8  HOURLY HASS FLUXES
DATE T 1 ME VOLUME TR I C Cb OD5
( E O T ) F L U X ( M * * 3 ) ( KG. )
6 1 4 7 8 1 3 3 0 0 . 3  9E 03 1 . 2 1
6 1 4 7  8 1 4 3 0 0 . 96  E 0 3 1 . 9 6
6 1 4  7 8 1 5 3 0 0 .  24E 0 4 4 . 5 7
61 ■‘t 7 8 1 63  0 0 • o 4 h 0 4 9 .  50
61 47 8 1 73 0 0 . 70 E 0 4 1 1 . 1 7
6 1 4 7 8 1 8 3 0 0 . 2 6 E 04 3 . 0 7
6 14 7 6 1 9 3 0 - 0 .  19E 04 - 1 . 6 1
6 1 4  7 8 2 03 0 — 0 . 6 2  E 04 - 8 . 6  7
6 14 78 6 1 30 —0 • 6 5  E 0 4 - 1 2  . 7  1
6 14 78 2c 30 — 0 • 3 0 E 0 4 - 5 .  16
6 l v  76 2 3  30 ~ 0 .  1 2 E 0 4 - 2  . 0 9
6 1 5 7 8 30 —0 . 4 0  E 0 3 — 0 • 68
61 57 8 1 3 0 0 . 3 5 E 0 3 1 . 07
6 1 5  76 2 3 0 0 .  1 6 E 0 4 4 .  79
6 1 5 / 8 33 0 0 . 2 8 £ 0 4 4 .  15
6 1 5 7  8 4 3  0 0 . 3 4 E 0 4 4 . 2 1
61 57 8 53 0 C.  1 5 E 04 1 . 4 6
6 1 5 7 8 6 30 - 0 . 27E 0 4 - 3 . 1 3
6 1 5  7b 7 30 - 0 . 3 0 E 0 4 - 2  . 9 9
6 15 78 8 30 — 0 . 2 3E 0 4 - 2 .  64
6 1 5 7 8 9 30 — 0 .  9 7 E 03 — 1 . 2 6
61 5 7 6 1 03 0 - 0 . 3 Q i : 0 3 - 0  .  63
NET FLUX - 0 . 4 G E 0 2 5 .  19
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GLEBE GUT 7 / 2 3 - 7 / 2 4 / 7 8  HOURLY MASS FLUXES
DATE T I M E VOLUHETR IC CBOD5 NH3 TKN
{ EDT } F L U X !  4 « ' * 3  ) ( K 0 » ) C KG.  > ( KG
7 2 3 7 8 1 0 3 0 0 . 1  I E 0 4 1 . 3 8 0 .  1 2 0 1 . 4  7
'72 3 7 8 1 1 5 0 Q . 5 2 E 0 4 8 .  91 0 . 1  15 1 . 4 4
72 37 8 12 5 0 0 . 8 9 E 0 4 1 5 . 1 5 0 . 7 04 1 . 7 8
7 2 3 7 8 1 35 0 0 .  10 E 05 1 6 . 0  5 0 . 2 5 1 4 .  2 6
7 2 3  78 1-450 0 .  74 E 04 9 * 6  6 0 . 4 6  8 1 . 4  9
723  78 1 5 5 0 - 0 .  3 7  E 0 4 - 3  . 3 3 - 0 . 0 7 4 - 1  . 2  0
7 23 78 16 50 -  0 .  1 1 E 0 5 - 1 3 . 3 8 - 0 . 1 0 0 - 3 .  0 7
7 2 3 7 8 1 7 5 0 - 0 . 9 0 E 0 4 - 1 7 . 9 6 - 0 .  180 - 2 . 6 9
7 2 3 7 8 1 8 5  0 - 0 . 5 9 E 0 4 - 3 2 . 5 0 —0 . 4  08 - 2 . 5 1
72 37 8 195  0 - 0 .  2 4E 04 - 2 . 8 4 - 0 . 4  83 - 1 . 2 4
72 37  8 2 05 0 — 0 • 4 3  E 03 - 0 . 9 0 — 0 . 0 5 4 - 0 . 2  7
7 2 3 7 8 2 15 0 - 0 . 1 4 E 03 - 0 .  17 - 0 . C 1 6 - 0 . 0 5
7 2 3  78 2 2 5 0 0 . 7 1 6 03 0 . 7  8 0 . 1 3 4 0 . 3 9
7 23 78 2 3 5 0 0 .  4 QE 0 4 4 . 7 8 0 . 3 1 0 1 . 1 9
7 2 4 7 8 50 0 . 8 3  E 0 4 9 .  92 0 . 9  10 3 . 5 1
7247 8 1 5 0 0 • 9 8 E 0 4 1 1 . 76 0 . 4  02 4 . 1 6
7 2 4 7 8 2 5 0 0 . 8 8 E 0 4 1 5 .  86 0 . 2  82 3 . 7 4
72 47  8 35 0 0 . 0 0 .  0 0 . 0 0 . 0
7 2 4 7 8 4 5 0 -  0.  H E 05 , - 9 1 . 0 3 - 1  . 3 0 7 - 4 . 0  2
7 24 78 5 50 - 0 . 9 8 c 04 - 8 . 8 6 - 0 . 7 7 7 - 5 . 4 1
7 24 78 6 50 — 0 . 6 6 E 0 4 -  5 . 2 9 - 0 . 3 6 4 - 1 . 8 2
7 2 4 7 8 7 50 - 0 .  3 5 E 0 4 - 4 . 1 5 - 0 . 4 2 2 - 0  . 8 6
7 2 4 7  8 85 0 - G . 7 5 E 03 - 1  . 2 0 - 0 . 1 1 5 - 0 . 3 4
7 2 4 7 8 9 5 0 - 0 .  1 9 E 03 - 0 . 2 8 - 0 . 0 1 3 - 0 . 0 9
7 2 4  78 1 0 5 0 - 0 .  50E 02 - 0 .  0 7 - 0 . 0 0 3 - 0 . 0 3
NET FL UX - 0 . 5  QE 02 - 8 7 . 7 4 - 0 . 6 1 9 - 0 . 1 6
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GLEBE GUT 8 / 3 - 8 / 4 / 7b HOURLY MASS FLUXES
DATE T I M E  VOLUMETRIC CBOD5 NH3 TKN
{ EDT ) F L U X { M ^ * 3 )  ( K G . )  I KG . )  i K G . )
BOB 78 7 00 0 .  1.3 E 0 4 2 . 5 8 0 . 1 5 4 G . 7  5
803 78 8 0 0 0 . 2 9 £ 0 4 5 • 58 0 . 2 2 6 1 . 3 1
80 37 8 90  0 0 .  64E 0 4 1 1 .  54 0 . 5 5 8 3 . 8 9
8 0 3 7  8 1 00 0 0*  80 E 04 1 3 . 5 5 0 . 4  94 6 . 3 8
8 0 3 7 8 1 .10 0 0 .  87 E 04 1 4 . 8 4 0 . 3 0 6 3 . 4 2
8 03 78 1 2 0 0 0 . 4  IE 0 4 7 .  9 0 0 . 2 8  8 1 . 9 2
803 78 1 3 0 0 —0 • 8 0 £ 04 - 1 2  . 0 1 - 0 . 4 6  5 - 3 . 4 0
803  78 14 00 -  D .  9 6 E 0 4 - 1 9 . 7 6 - 0 . 5 0 1 - 3 . 7 1
80 3 7 8 15 0 0 - 0 . 7 5 E 0 4 - 1 2 . 7 5 - 0 . 3  9 7 - 3  . 4 0
80 37 8 1.600 - 0 . 4 7 E 04 - 8 . 6 0 —0 . 3 4 9 - 3 . 0 5
80 37 8 1 70 0 — 0 • 14  E 04 - 3 .  6 0 - 0 . 1 4 6 - 1 . 0 3
8 0 3 7 8 1 8 0 0 -  0 • 16 E 03 - 0 . 3 7 - 0  . 0  1.3 - 0 .  10
8 0 3 7 8 1 9 0 0 0 .  13 E 04 4 . 5  1 0 .  15 0 0 .  9 4
8 03 70 20 00 0 . 2 0 E 0 4 5 . 6 8 0 .  1 7 9 1 . 3  0
8 0 3 7 8 2 1 0 0 0 . 6  7 E 0 4 1 8 . 1 4 0 .  4 8 7 4 . 5 0
80 37 8 2.2 0 0 0 . 8  2E 0 4 1 6 . 0 3 0 . 6  74 4 . 5 9
8 0 3 7  8 2 30 0 0 .  10E 05 2 4 .  55 1 . 0  42 6 . 2 6
804-7 8 0 0 .  65E 04 12 . 02 0 . 5  65 3 . 3 5
8 0 4 7 0 100 - 0 . 5 5 E 04 - 9 . 0 9 - 0 . 7 9 9 - 2 .  62
8 04 7 8 2 0 0 - 0 .  97E 0 4 - 1 5 . 9 7 - 0 . 8 7  1 - 6  . 3 7
8 04 7 8 3 00 - 0 . 9 0 E 0 4 - 2 5 . 1 4 - 1 . 0 9  6 - 6 . 5  1
804  7b 4 00 - 0 . 6  2E 0 4 - 1 4 . 2 0 - 0 . 5  05 - 3 . 6 9
8 0 4 7  8 5 0 0 - 0 . 3 4 E 04 - 9 . 9 1 - 0 . 2  99 - 2  . 0 0
8 0 4 7  8 6 0  0 — 0 • 84  E 03 - 2 .  18 - 0  .1  53 - 0 . 2 5
80 47 8 70 0 — 0 • i  3 E 03 - 0 .  3 8 - 0 . 0 1 3 - 0 . 0 9
NET FLUX - 0  . i  0 E 02 2 .  9 4 - 0 . 4 8 5 2 . 1 8
APPENDIX C
Kings Creek 
Date 
7/11-7/12/78
7/23-7/24/78
8/3-8/4/78
9/14-9/15/78
Glebe Gut 
6/14-6/15/78
7/23-7/24/78
8/3-8/4/78
CBOD Data
Time Tide CBOD30(mg/l) CBOD5 (mg/l)
CBOD
CBOD,
30
2100-0200 
0300-0900
Flood
Ebb
9.98
7.56
3.74
3.24
2.67
2.33
0210-0710
0810-1310
Ebb
Flood
15.76
17.07
7.43
8.60
2.12
1.98
1010-1510
1610-2110
Ebb
Flood
9.91
10.73
4.61
4.75
2.15
2.26
1415-2015 Flood 
2115-0215 Ebb
9.29
8.41
3.77
3.22
2.46
2.61
1330-1630
0630-1230
Flood
Ebb
1050-1450
1550-2150
Flood
Ebb
3.93
3.47
1.20
1.49
3.28
2.33
1900-2400
0100-0700
Flood
Ebb
4.92
6.93
2.10
3.01
2.34
2.30
120
121
Chlorophyll Data
Kings Creek 
Date
7/11-7/12/78
7/23-7/24/78
8/3-8/4/78
9/14-9/15/78
Time Tide Concentration
(yg/l)
average concentration = 35.2
1310-1910
2010-0110
0210-0710
0810-1310
1010-1510
1610-2110
2210-0410
0510-1110
1415-2015
2115-0215
Ebb
Flood
Ebb
Flood
Ebb
Flood
Ebb
Flood
Flood
Ebb
57.7
54.5
22.4
86.5
40.9
15.2 
8.5
27.4
17.3
13.4
Glebe Gut
6/14-6/15/78
7/23-7/24/78
8/3-8/4/78
1330-1830
1930-0030
0130-0530
0630-1230
1050-1450
1550-2150
2250-0350
0450-1050
0700-1200
1300-1800
1900-2400
0100-0700
Flood
Ebb
Flood
Ebb
Flood
Ebb
Flood
Ebb
Flood
Ebb
Flood
Ebb
4.0
8.0 
3.2
6.4
< 3.2
< 3.2
< 3.2
6.7 
6.6
5.0
3.1
it
The directions of the concentrations were unknown, therefore the 
average value was reported.
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